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ABSTRACT 


Corrosion  driven  by  elecCroklnetic  currents  was  found 
to  be  responsible  for  dauge  to  steel  servo  valves  operating 
in  phosphate  ester  fluids.  Calculations  and  test  results 
supporting  this  conclusion  and  aeasureitents  of  the  electro- 
kinetxc  and  electrocheaical  properties  of  the  steel  to  fluid 
interface  are  described.  Possible  fluid  additives  for  re¬ 
ducing  the  damage  are  discussed. 
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1.0  INTRODUCTION 

i 

Since  about  1965  a  problea  of  rapid  and  severe  daaage  has  been  ob¬ 
served  in  the  valves  of  some  hydraulic  systeas  using  synthetic  phosphate 
ester  based  hydraulic  fluids.  Soae  of  the  systeaw  suffering  froa  this 
problea  are  General  Electric  control  systeas  for  steaa  turbines  [1] •  and 
the  hydraulic  systeas  of  Hairiier  Sidde]ey  Trident  [?]  and  Boeing  alr- 
pluies  [3].  U.  S.  ailitary  airplanes  which  use  MIL-h-5606,  a  hydrocarbon 
aixture,  have  not  experienced  severe  daaage.  However,  MIL-H-S606  is  not 
used  In  coaaerclal  aircraft  because  of  its  greater  flaaaabllity. 

Figure  1-la  is  a  scheaatic  of  an  airplane  slide  and  sleeve  servo 
valve.  In  Boeing  airplanes  such  valves  are  typically  aade  froa  hardened 
steel.  In  operation  the  pressure  drop  across  the  aeteiiag  edge  is  froa 
about  3000  pel  upstrean  to  about  300  psi  downstreaa  and  in  the  noainally 
closed  position  there  is  a  hydraulic  fluid  flow  rate  of  about  100  cc  per 
minute  throur.h  the  metering  orifices  formed  by  the  clearance  between  the 
slide  and  sleeve.  Damage  occurs  at  and  just  upstream  of  the  aeteripg 
edges.  Figure  1-lb  is  a  photograph  of  a  damaged  area  on  a  Boeing  737 
flap  valve  and  Fig.  1-lc  is  an  enlargeatent  of  this  area.  This  damage 
causes  an  increasingly  large  closed  position  flow  rate  which  aiay  ulti¬ 
mately  reach  the  hydraulic  system  pump  capacity. 

Cavitation,  particle  erosion,  electrical  discharge  machining  and 
corrosion  of  the  swtax  surface  had  been  variously  suggested  as  causes  of 
the  dasiage.  Electrokinetic  potentials  had  previously  been  measured  in 
flowing  phosphate  ester  hydraulic  fluids,  but  their  connection  with  valve 
damage  was  unexplained.  It  had  been  observed  that  the  damage  could  be 
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reduced  by  creating  the  fluid  by  filtration  through  fuller's  earth  [^] 
or  by  addition  of  water  [2].  The  fuller's  earth  treataenC  was  thought 
to  remove  ions  affecting  corrosion  and  the  water  addition  was  thought 
to  influence  cavitation  through  vapor  pressure  changes.  None  of  these 
suggestions  could  explain  all  the  observed  date. 

This  document  reports  the  results  of  an  investigation  which  was 
undertaken  to  determine  the  dasuige  mechanism  and  to  provide  background 
information  which  may  assist  in  elimination  of  Che  damage.  A  brief  sum- 
siary  of  the  investigation  is  given  in  Sec.  2  and  the  most  important  con¬ 
clusions  concerning  the  damage  mechanism  are  listed  in  Ser.  3  and  recom¬ 
mendations  for  elioUjiaCing  the  damage  are  given  in  Sec.  4.  SvicCiems  S 
turough  11  contain  detailed  descriptions  of  the  investigation.  Supple¬ 
mentary  data  and  calculations  are  provided  in  the  appendices. 


2-4 


2.0  SUWARY 

A  laboratory  ayatea  was  developed  which  aiaulated  the  flow  conditions 
in  hydraulic  valves.  The  flow  rate  and  geonetry  of  the  systcs  was  ac¬ 
curately  reproducible.  DasMge  identical  in  appearance  to  that  in  the 
valves  was  produced.  Increasing  the  back  pressure  while  suiintslning  con¬ 
stant  flow  eliminated  cavitation  but  not  damage.  This  proved  that  cavi¬ 
tation  was  not  the  primary  damage  mechanism.  Ekperiswncs  using  a  one- 
micrmi  membrane  filte.:  to  remove  foreign  particles  indicated  that  particle 
erosion  was  not  the  primary  process  as  the  presence  of  this  filter  did  not 
stop  the  damage.  Optical  observations  and  measuresMnts  with  a  small  elec¬ 
trode  inserted  in  the  wall  at  the  orifice  failed  to  show  the  presence  of 
sparks.  Bowever,  a  small  steady  current  was  observed  flowing  from  the 
electrode.  This  current  normal  to  the  wall,  herein  termed  the  wall  cur¬ 
rent  »  is  produced  by  the  generation  of  an  electrical  stremaing  current  in 
an  accelerating  fluid  flow,  and  causes  electrochemical  corrosion  douge  of 
the  metal.  The  wall  current  was  quantitatively  accounted  for  from  measured 
values  of  the  electrical  properties  of  the  fluid  and  a  calculation  in¬ 
volving  hydrodynamic  and  electrokinetic  theory. 

Supporting  evidence  for  this  corrosion  mechanism  includes  the  following 
obsarvations:  The  current  measured  frac>  an  electrode  in  elm  wear  area  is 
more  than  sufficient  to  account  for  the  amotint  of  amtal  removed  by  electro¬ 
chemical  corrosion;  damage  could  be  eliminated  on  the  specimen  through  the 
applicetion  of  an  alectrical  current  from  en  external  source  to  esneel 
that  produced  by  the  flow;  an  insulsting  aluminum  oxide  specimen,  which 
should  not  be  subject  to  electrochemical  pitting  corrosion,  was  not 
damaged  even  under  cevitating  conditions;  the  dmnage  observed  with  vsrious 
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hydraulic  fluids  was  related  to  their  electrical  properties;  corrosion 
daiaage  similar  to  that  in  valves  was  obtained  electrochemically  without 
fluid  flow. 

During  the  course  of  the  investigation  a  considerable  body  of  supple¬ 
mental  Information  pertinent  to  the  problem  was  obtained.  A  white  insu¬ 
lating  film  was  observed  on  both  the  anode  and  cathode  of  an  electro¬ 
chemical  cell  and  near  the  orifice  in  the  flow  experiswnts.  The  thickness 
of  the  film  increased  with  increasing  water  content.  This  may  be  an 
Important  factor  in  the  reduction  oi  dmage  when  water  is  added  to  the 
fluid  because  the  film  formation  affects  the  flow  rate  of  the  fluid  and 
may  affect  the  flow  of  electrical  current  from  the  metal.  The  electrical 
conductivity  of  the  hydraulic  fluid  affects  the  amount  of  damage  observed. 

It  is  believed  that  either  a  substantial  increase  or  a  substantial  de¬ 
crease  in  conductivity  would  significantly  decrease  the  amount  of  damage. 
Experimenrt  and  analysis  suggest  that  the  conductivity  of  the  fluid  is 
due  to  hydrolysis  products.  These  products  may  contribute  to  Che  generation 
of  the  streaming  current.  Filtration  through  fuller's  earth  is  believed 
to  remove  these  hydrolysis  products.  Some  experiments  were  performed  to 
determine  the  effect  of  changes  in  fluid  composition  on  streaming  current 
and  electrochemical  properties.  The  results  of  these  experiswnts  were 
consistent  with  the  proposed  damage  smehanism. 
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3.0  CONCLUSIONS 

The  damage  to  airplane  hydraulic  system  valves  using  phosphate 
este?'  fluids  is  primarily  due  to  corrosion  driven  by  electrical 
currents  caused  by  the  fluid  flow. 

Cavitation  plays  a  minor  role,  if  any. 

Particle  erosion  if  present  plays  a  secondary  role. 

Electrical  discharge  machining  is  not  a  primary  damage  mechanism. 
Ttie  magnitude  and  location  of  the  electrical  currents  can  be 
predicted  for  various  fluids  by  means  of  an  equation  relating 
the  fluid  properties,  and  the  hydrodynamic  and  electrokinetic 
conditions . 

The  amount  of  corrosion  produced  by  the  current  is  a  function 
of  fluid  composition  because  some  species  in  the  fluid  may  react 
more  readily  than  the  steel  valve. 

The  advantages  of  water  addition  for  corrosion  reduction  must 
be  balanced  against  the  disadvantage  of  increas'‘d  film  formation. 
The  damage  is  a  consequence  of  a  chain  of  events  enumerated  above, 
and  mpy  be  eliminated  by  breaking  the  chain  at  any  one  of  its 
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4.0  RECOMMENDATIONS 

The  mechanism  of  the  valve  damage  has  been  Identified,  which  com¬ 
pletes  the  experimental  Investigation  at  BSSL,  but  workable  solutions 
remain  to  be  found  that  are  compatible  with  the  whole  hydraulic  system. 

The  primary  recommendation  is  that  modifications  be  made  to  the 
hydraulic  fluid  rather  than  to  the  valve  geometry  or  material,  because 
other  requirements  on  the  valves  preclude  this  approach.  Moreover,  hy¬ 
draulic  fluids  already  exist  which  do  not  cause  electrochemical  pitting 
corrosion.  On  this  basis,  the  following  specific  recommendations  are 
made: 

1.  Develop  new  specifications  for  hydraulic  fluids  regarding  tolerances 
for  streaming  current  and  wall  current. 

2.  Use  BSRL  developed  instruments  to  screen  new  fluids  and  the  effect 
of  additives  or  treatments.  These  instruments  are 

a)  Wall  current  measuring  device  (Sec.  7.2) 

b)  Needle-to-plane  electrochemical  cell  (Sec.  9.2) 

c)  Wear  test  apparatus  (Sec.  5.2) 

3.  Re-evaluate  selection  of  hydraulic  fluid  for  new  airplane  fleets 
considering  the  damage  and  deposit  mechanisms  described  in  this 
report. 

4.  For  the  existing  commercial  fleet  already  committed  to  phosphate 
ester  based  fluids  evaluate  the  following  possible  cures: 

a)  Removal  of  chlorine  containing  compounds  (Sec.  9.2) 

b)  Addition  of  conducting  ionic  species  (Secs.  8.2  and  14.2) 

c)  Increase  of  fluid  stability  to  hydrolysis  (Sec.  8.2) 
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d)  In  addition  to  (c)  Investigation  of  agents  more  effective  than 
fuller's  earth  to  remove  hydrolysis  products 

e)  Addition  of  neutral  surfactants  (Sec.  7.2) 

f)  Addition  of  reversible  redox  couples  (Sec.  9.2). 


5-9 


5.0  CAVITATION 

Cavitation  Is  the  formation  of  vapor  cavities  In  a  flowing  liquid 
at  points  where  the  pressure  falls  below  the  vapor  pressure  of  the  liquid. 
Cavitation  occurs  In  hydraulic  valves  used  in  airplanes,  but  it  does  not 
necessarily  cause  damage.  Damage  from  cavitation  Is  thought  to  be  the 
result  of  high  stresses  caused  by  violent  collapse  of  vapor  bubbles  as 
they  enter  a  region  of  high  pressure.  The  stresses  are  determined  by  the 
details  of  the  bubble  collapse. 


5.1  Bubble  Collapse  Mechanism 

The  final  stresses  produced  by  a  collapsing  bubble  depend  on  the 
fluid  properties,  the  initial  bubble  size,  and  the  pressure  of  the  sur¬ 
rounding  liquid.  Among  other  parameters,  the  ratio  of  viscous  forces  to 
pressure  forces  is  Important.  It  Is  expressed  as  [4] 


C  = 


4v 
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where  p  is  the  liquid  density,  v  the  kinematic  viscosity,  the  initial 
radius,  and  (P^-  P^)  the  difference  between  the  liquid  pressure  and  the 
pressure  within  the  bubble. 

S.  S.  Shu  [4]  has  shown  that  for  C  >  .46  the  viscous  forces  are 
dominant  and  cause  the  collapse  to  require  an  infinite  time.  Under 
these  circumstances  no  high  stresses  occur. 

A  minimum  value  for  C  can  be  estimated  for  a  valve  operating  with 
phosphate  ester  fluids.  The  maximum  value  for  is  about  5  mlciToris 


because  the  bubble  must  fit  in  the  clearance  between  the  slide  and  sleeve 
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(Fig.  1-la).  The  largest  available  pressure  downstream  of  the  minimum 
pressure  point  to  drive  the  collapse  is  300  psi.  The  density  and  kine¬ 
matic  viscosity  of  phosphate  ester  fluids  are  Ig/cc  and  .Icm^/sec  re¬ 
spectively.  The  computed  value  of  C  is  then  .2.  This  is  close  enough 
to  the  critical  value  of  .46  that  viscous  forces  may  significantly  cushion 
the  peak  collapse  pressures.  These  large  viscous  forces  may  prevent  cavi¬ 
tation  damage  to  the  valves  and  explain  the  lack  of  cavitation  damage  in 
the  cavitatiirg  flov  experiment  described  below. 

5 . 2  Experiments 

The  apparatus  shown  in  Fig.  5-1  was  constructed  to  simulate  the 
constricted  flow  in  a  valve  and  yet  produce  damage  on  a  polished  flat 
plate  for  easy  observation.  The  blocks  were  made  of  52100  steel  hardened 
to  R^62.  The  metering  area  was  determined  by  the  size  of  the  inlet  hole 
and  the  .001"  mylar  gasket  between  the  blocks.  The  flow  for  these  and 
all  other  high  pressure  flow  experiments  was  provided  by  the  pumping 
system  described  in  Appendix  14.7. 

Flow  in  the  absence  of  cavitation  was  obtained  by  raising  the  pres¬ 
sure  level  of  the  flow  until  the  lowest  pressure  at  any  point  in  the  flow 

was  greater  than  the  vapor  pressure  of  the  liquid.  The  above  apparatus 

* 

was  operated  with  Skydrol  500A  with  7000  psi  upstream  of  the  lip  and  4300 
psi  downstream  for  a  period  of  2  1/2  hours.  The  absence  of  cavitation  was 
verified  by  the  absence  of  sound  output  to  a  microphone  at  back  pressures 
greater  than  1000  psi. 


*  A  phosphate  ester  fluid  manufactured  by  the  Monsanto  Chemical  Company. 
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Outlet 


Fig.  3-1.  Damage  test  apparatus. 
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The  damage  produced  on  the  flat  plate  in  the  absence  of  cavitation 
in  shown  In  Fig.  5-2.  The  positions  of  the  edges  of  the  metering  lip 
are  superimposed  on  the  photo  to  show  the  damage  location  relative  to 
the  lip.  All  damage  occurred  upstream  of  or  just  within  the  orifice, 
whereas  cavitation  wear  must  occur  downstream  of  the  minimum  pressure 
point  in  the  region  of  collapsing  bubbles.  In  a  second  experiment  with 
strong  cavitation  noise  at  a  pressure  drop  from  3000  to  50  psi,  no  in¬ 
crease  in  damage  rate  was  observed  either  upstream  or  downstream  of  the 
orifice. 

5.3  Conclusions 

In  the  above  experiment  cavitation  damage,  if  any,  is  insignificant 
compared  to  damage  from  other  mechanisms.  Viscous  damping  of  the  bubble 
collapse  is  the  mechanism  thought  to  prevent  damage. 
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6.0  PARTICLE  EROSION 

Erosion  by  boabardoent  with  solid  particles  Is  a  well  known  pheno¬ 
menon  and  Is  used  In  sandblasting  processes.  Airplane  hydraulic  systems 
are  equipped  with  filters,  but  a  small  amount  of  particle  contamination 
still  circulates  with  the  fluid.  Usual  aircraft  filters  are  bulk  filters 
which  catch  particles  In  a  fiber  mat.  Much  finer  filtration  can  be 
achieved  In  the  laboratory  with  a  membrane  filter  which  catches  particles 
on  the  surface  of  a  membrane  of  known  pore  size.  A  one-micron  membrane 
filter  placed  Immediately  upstream  of  the  apparatus  of  Fig.  5-1  caused 
no  observable  decrease  in  damage  rate.  Particle  erosion  was,  therefore, 
not  considered  further  during  the  search  for  the  damage  mechanism. 
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7.0  STREAMING  CURRENT 
7.1  Theory  of  Streaming  Current  Production 

Consider  the  electrical  effects  at  a  metal  surface  In  a  motionless 
fluid.  Three  locations  of  Interest  are  illustrated  in  Fig.  7-1.  They 
are:  the  metal  surface,  H;  the  center  of  a  layer  of  ions  from  the  fluid 
bound  to  the  metal,  0;  and  the  outer  edge  of  a  diffuse  charge  layer,  6. 

The  diffuse  and  bound  charges  are  referred  to  as  an  electrical  double 
layer  [5].  The  net  charge  at  0  results  from  two  effects.  First,  the 
positive  and  negative  ions  in  the  fluid  will,  in  general,  differ  in  their 
adsorption  on  the  metal  resulting  in  a  net  charge  (negative  in  Fig.  7-1) 
bound  to  the  surface  by  chemical  or  Van  der  Waal's  forces.  Second,  any 
charges  within  the  metal  (positive  in  Fig.  7-1)  can  shift  the  equilibrium 
of  the  adsorption  through  electrostatic  forces.  The  total  charge  at  the 
surface  (sum  of  charges  at  0  and  M)  creates  an  electric  field  to  draw 
charges  of  the  opposite  sign  (positive  in  Fig.  7-1)  from  the  bulk  of  the 
fluid  toward  the  surface.  At  the  same  time  molecular  diffusion  tends  to 
spread  these  charges  evenly  throughout  the  fluid.  The  balance  between 
electrical  conduction  and  diffusion  determines  the  thickness,  6,  of  the 
resulting  exponential  distribution  of  free  charge  in  the  diffuse  outer 
portion  of  the  double  layer. 

A  fluid  motion  parallel  to  the  wall  sweeps  the  free  charges  of  the 
diffuse  layer  downstream  resulting  in  a  current,  the  streaming  current. 

The  charges  at  0  reatain  bound  to  the  wall.  The  electrical  double  layer  is 
usually  very  thin  (several  hundred  Angstroats  in  phosphate  ester  hydraulic 
fluids)  compared  to  a  hydrodynamic  boundary  layer  so  that  the  velocity 
profile  causing  the  current  may  be  regarded  as  linear  in  y.  If  we 
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Fig.  7*-l.  laportanC  Iftvcls  la  the  electrical  double  layer. 


consider  a  parallel  shear  flow  over  an  infinice  flat  metal  plate,  the 
current  density  parallel  to  the  plate  Is  given  by 

J  ■  pKy  7-1 

where  Ky  Is  the  fluid  velocity.  The  charge  density,  p.  Is  related  to 
the  potential,  In  the  thin  double  layer  by  Poisson's  equation 


Combining  Eqs.  7-1  and  7-2  and  Integrating  by  parts  from  the  bound  charge 
layer  to  6  where  ^  becomes  constant  In  y,  the  current  per  unit  length 
flowing  In  the  thin  layer  on  the  plate  Is  found  to  be 

6 

J  ■  /  J  dy  »  cc  -  >  )  ■  ec  CK  .  7-3 

s  J  o  0  o  o 

o 

The  result  7-3  is  Independent  of  the  particular  charge  profile  In 
the  double  layer  and  depends  only  nn  the  potential  difference,  C, 
between  the  bound  charge  layer  at  0,  and  the  fluid  outside  the  dottle 
layer. 


7.1.1  Flow  in  a  Tube 

For  low  velocity  flow  in  a  uniform  circular  tube,  K,  is  related 
to  the  tube  dimensions  and  the  pressure  drop  by 


K 


aiP 

2nt 
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where  a  is  the  radius  of  the  tube,  i  is  the  length,  n  is  the  dynamic 


viscosity  of  the  liquid  and  £P  is  the  pressure  difference  between  the 
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The  total  streaming  current,  I  ,  is  given  by  the  J  times  the 

s  s 

tube  circumference 


I 

s 


Tra^AP 

n£ 


ee  C 
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This  result  was  given  by  Klinkenbsrg  [5]  and  is  used  to  calculate  c 
from  the  results  of  the  simple  flow  experiment  described  in  Sec.  7.2.1. 


7.3.2  Accelerating  Flow 

Now,  suppose  that  the  flow  is  not  a  parallel  shear  flow,  but  that 
K  is  a  function  of  position  due  to  fluid  acceleration.  If  the  length 
scale  for  the  variations  in  K  is  much  larger  than  the  double  layer 
thickness,  the  above  relations  can  be  used  to  relate  local  values  of 
the  parameters,  and  can  be  regarded  as  a  surface  current  flowing  in 
a  tbin  sheet.  However,  conservation  of  charge  requires  that  a  diver¬ 
gence  of  the  surface  current  be  compel  sated  by  a  current  flow  normal  to 
the  surface  from  either  the  fluid,  J,  ,  or  the  metal  wall,  J^,  or  both. 
If  K  varies  only  with  x  as  in  Fig.  7-2 


J 

w 


3J 
_ s 

3x 


3x 
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Here,  i,  has  been  assumed  constant.  The  assumption  should  be  a  good 

approximation  for  low  velocities  and  current  measurements  described 

later  suggest  that  it  is  valid  at  high  velocities. 

The  wall  current  density,  J  ,  causes  electrochemical  reactions  at 

w 

the  interface,  one  of  which  could  be  corrosion  of  the  metal  (e.g.  Fe  -*■ 

I  I  _ 

Fe  +  2e) .  The  resistance  to  the  flow  of  depends  on  the  reaction 
kinetics  at  the  metal  and  the  resistance  of  any  deposited  films  (see 
14.2,  14.6).  The  resistance  to  depends  on  the  fluid  conductivity. 
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If  the  conductivity  is  sufficiently  low,  will  be  negligible.  We 
will  calculate  on  this  basis.  The  current  density  is  then 


T  r  3K 

J  =  ee  c 
w  o  3x 
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where  K  is  obtained  from  the  hydrodynamic  solution.  The  influence  of 
fluid  conductivity  is  discussed  in  Appendix  14.2. 


7.1.3  The  Hydrodynamic  Solution 

As  indicated  in  Fig.  1-la,  the  slide  diameter  is  much  larger  than 
the  orifice  formed  by  the  clearance  between  the  slide  and  sleeve.  The 
flow  can,  therefore,  be  approximated  by  a  two-dimensional  flow  in  a  90“ 
converging  channel  (Fig.  7-3).  Fortunately,  one  of  the  few  exact  solutions 
to  the  Navier-Stokes  equations  is  for  this  problem.  The  problem  was  solved 
by  Jeffrey  [6]  and  independently  by  Hamel  [7].  In  the  solution  as  formu¬ 
lated  by  Mlllsaps  and  Pohlhausen  [8]  the  velocity  is  given  by 


X  -  7  F(9)  7-8 

where  F(0)  is  expressed  in  terms  of  elliptic  functions.  The  wall  shear 
is 


1  9V 
r  36 


■\  =^F’(0) 
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/o 

F'(0)  and  the  Reynolds  number  based  on  the  flow  per  unit  length  of  sink 
were  calculated  from  solutions  for  various  channel  centerline  velocities 
in  a  90“  channel  using  the  formulation  of  Millsaps  and  Pohlhausen.  The 
relation  between  F'(0)  and  Reynolds  number  is  shown  in  Fig.  7-4.  The 


relation 


■  -I*--*  •*»  nf,  -t*-^ «>y/fnw ^  •<!»*  1;^. Vy?Wyym'  WlWl'y  f- '  iwwi'iyilwiilwi 
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F*(0)  - 
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Is  seen  to  be  a  good  approximation  at  large  Reynolds  numbers. 

Equations  7-8  and  7-9  are  valid  far  from  the  orifice  and  become 
poor  approximations  at  the  orifice.  We  would  expect  the  shear  to  follow 
Eq.  7-9  to  the  neighborhood  of  the  orifice  and  then  level  off  and  de¬ 
crease  within  the  orifice  where  the  accelerations  are  less  severe. 


The  VJall  Current  Density 

At  the  metal  surface  cos6  =  1,  and  the  r  appearing  in  Eq.  7-9  is  equal 
to  x  so  that  Eqs.  7-7,  7-9  and  7-10  can  be  combined  to  give  the  current  den 
sity  as  a  function  of  sink  strength,  Q,  and  distance,  x,  from  the  sink. 


1.17ee 

j - ^(2; 

X--  \v/ 
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is  the  wall  current  density  flowing  from  the  metal  to  0  (Fig.  7-1) 
causing  the  corrosion. 


7.2  Experiment 

7.2.1  Klinkenberg  Apparatus 

Measurements  were  made  of  the  streaming  current  I  (Eq.  7-5)  in 

s 

various  hydraulic  fluids.  From  these  measurements  the  value  of  the  sig¬ 
nificant  parameter  e?  can  be  determined  from  Eq.  7-5.  The  apparatus, 

after  Klinkenberg  [5],  used  for  the  measurement  of  I  and  its  equivalent 

s 

circuit  is  Illustrated  in  Fig.  7-5. 


*  Levich  [9]  presents  a  related  treatment  for  surface  current  density 
generated  by  mercury  amalgam  drops  failing  through  an  electrolyte. 
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Fig.  7-5. 


R/ia  =  Meter  Input  Resistance 
Is  =  Streaming  Current 

I^  =  Conduction  Current  Up 
Liquid  Column 

If  =  Measured  Current 


and 


I  =  Ie  +  Ic 


's  =  R 


M 


a)  Klinkenberg  apparatus  for  measuring  streaming  current. 

b)  Equivalent  circuit. 


7-25 


The  upper  and  lower  cans,  each  of  two  liter  capacity  were  made  of 

stainless  steel  as  was  a  50  cm  long,  3  mm  l.d.  tube  welded  to  the  upper 

can.  The  liquid  under  test  was  stored  In  the  upper  can  for  a  sufficiently 

% 

long  time  to  allow  any  electrical  charges  to  leak  to  ground.  The  liquid 

was  then  permitted  to  fall  under  gravity  Into  the  lower  can  and  the 

streaming  current  was  measured  using  a  Kelthley  610A  electrometer.  This 

meter  ha?  a  high  Input  Impedance  which  affects  the  total  current  flowing 

In  the  circuit,  as  Illustrated  In  Fig.  7-5.  By  making  measurements  on 

two  ranges  of  the  meter  having  different  Input  resistances  R  ,  and  using 

m 

the  equation  at  the  bottom  of  Fig.  7-5,  the  streaming  current  I  can  be 

s 

determined. 

First  measurements  on  Skydrol  500A  gave  a  positive  value  for 
of  the  order  of  10"^^ amps.  Some  concern  was  felt  that  such  small  currents 
may  simply  be  due  to  extraneous  effects  and  not  represent  a  real  streaming 
current.  Figure  7-6  shows  the  results  of  an  experiment  In  which  small 
excess  pressures  were  applied  to  the  upper  can  to  Increase  the  flow  velo¬ 
city.  From  Eq.  7-5  It  may  be  seen  that  should  be  proportional  to  AP. 

The  flow  velocity  should  be  proportional  to  AP  so  that  a  graph  of  I 

8 

versus  flow  velocity  should  be  a  straight  line.  A  reasonably  good  straight 
line  fit  was  obtained  in  Fig.  7-6,  Indicating  that  the  measured  currents 
were  indeed  streaming  currents. 

When  Skydrol  500A  is  filtered  through  fuller's  earth  there  Is  a  sig¬ 
nificant  reduction  in  damage  to  the  valves.  Measurements  made  on  such  fil¬ 
tered  Skydrol  showed  that  the  streaming  current  was  reduced  by  a  factor 


of  mere  than  100. 


Streaming  Current 
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Vmperes 

XIO"” 


Fig.  7-6.  Streaming  current  '•;er8us  flow  velocity. 
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Table  7-1  shows  the  values  of  c;  which  were  determined  for  various 

hydraulic  fluids.  Two  examples  of  Aerosafe  2300  were  measured,  both 

having  the  same  lot  number  but  coming  from  different  containers.  It 

may  be  noted  that  a  factor  of  four  difference  was  observed  in  the  z 

X. 

potential  of  the  two  samples.  Indicating  some  different  history  or  con¬ 
tamination.  Such  variations  in  fluid  properties  may  account  for  some 
of  the  apparent  randomness  of  valve  damage  in  aircraft.  (See  the  con¬ 
ductivity  measurements  in  Sec.  8.1.) 

It  is  known  that  the  addition  of  water  to  Skydrol  500A  reduces 
damage  to  valves  so  that  the  effect  of  the  addition  of  water  was  of  in¬ 
terest.  (The  effect  on  conductivity  is  shown  in  Fig.  8-1  in  the  section 
on  conductivity.)  The  effect  on  the  value  of  ec,  as  determined  from 
streaming  current  measurements  was  not  accurately  reproducible,  but  the 
usual  tendency  was  to  approximately  double  the  value  of  cc  on  the  addition 
of  0.2Z  water  and  with  additional  water  no  further  significant  change  was 
observed . 

The  effect  of  some  additives  other  than  water  to  Skydrol  SOOA  was 
also  tested.  The  object  of  the  experiment  was  to  determine  the  possi¬ 
bility  of  changing  the  c  potential  by  the  addition  of  certain  neutral 
or  positively  charged  surface  active  species  which  would  displace  or 
counteract  the  negatively  charged  surface  active  species  already  present 
in  the  hydraulic  fluid. 


*  Phosphate  ester  hydraulic  fluid,  Stauffer  Chemical  Company. 


!i 
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Table  7-1 

Approximate  Klectrlcal  Parameters 
_ for  Hydraulic  Fluids _ 


Skydrol  SOOA 

Skydrol  500A  Filtered 
through  fuller's  earth 

Skydrol  500C 

Aerosafe  2300 
Container  (a) 

Container  (b) 

MIL  #5606  B(2) 

SST  Hydraulic  Fluid 


c 

£4 

8 

SOmV 

400 

8 

<.5mV 

<4 

8 

25mV 

200 

8 

25mV 

200 

8 

lOOi. '' 

800 

2 

33nV 

66 

<  20 

I 

i  1 
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The  addition  of  2  cc  of  a  2SZ  aqxteoua  solution  of  tetraaethyl  aaBOoitai 
hydroxide  to  500  cc  of  Skydrol  500A  changed  the  sign  of  the  aeasured 
streaming  current  and  increased  its  magnitude  by  about  a  factor  of  ten. 
This  implies  a  corresponding  change  in  sign  and  increase  in  magnitude 
in  the  (  potential.  The  addition  of  2  cc  of  a  neutral  nonyl  phenyl 
type  surface  active  ingredient  to  500  cc  of  Skydrol  500A  reduced  the 
value  of  the  (  potential  by  approximately  a  factor  of  two.  These  measure¬ 
ments  indicate  that  it  is  possible  to  modify  the  electrokinetic  properties 
of  the  hydraulic  fluids  by  the  use  of  appropriate  additives. 


7.2.2  Wall  Current  Measurements  with  Phosphate  Ester  Fluids 

HeasuresMnts  of  the  wall  current  were  performed  with  the  apparatus 
shown  in  Fig.  7-7  rather  than  with  the  more  complicated  geometry  of  the 
servo  valves.  The  flow  field  is  similar  to  that  in  the  valves.  The 
fluid  is  accelerated  in  the  90*  converging  channel  formed  by  the  hypo¬ 
dermic  Cube  and  Che  flat  place  toward  the  samll  orifice  flowing  from  the 
metal  slug  was  measured  as  a  function  of  pressure  drop  across  the  device. 
The  total  wall  current  can  be  estiauted  from  the  theory  by  integrating 
Eq.  7-11  from  x  ■  •  in  to  x  *  g  and  multiplying  by  the  tube  circtmiference . 


I  -  *D  /  J  dx 
w  /  w 

g 


.585wDvcc  ; 

o 
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The  exact  inner  limit  of  the  integration  depends  on  a  amre  accurate 


knowledge  of  the  flow  near  the  gap,  but  Eq.  7-12  shcmld  give  at  least 
a  good  estimate. 
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Equation  7-12  predicts  that  should  vary  as  Q^/^.  Since  Q 

varies  as  /a^,  I  should  vary  as  Figure  7-8  is  an  experimental 

w 

plot  of  versus  AP  together  with  a  3/4  power  curve  fitted  to  one  point. 
The  good  agreement  between  data  and  theory  suggests  that  the  assumption 
of  constant  c  potential  was  correct. 

The  value  of  I  calculated  from  Eq.  7-12  is  .25;iA  at  a  flow  of 
11  cc/sec.  The  value  of  the  ^  potential  of  the  fluid  was  measured  to  be 
.025  volt  with  the  apparatus  described  in  Sec.  7.2.1.  The  current  mea¬ 
sured  with  the  apparatus  of  Fig.  7-7  was  2.2)jA.  The  factor  of  nine  dif¬ 
ference  can  probably  be  attributed  to  improper  choice  of  the  lower  limit 
for  the  integration.  A  sink  located  1/3  g  rather  than  g  beyond  the  edge 
of  the  metal  slug  would  bring  the  calculated  current  up  to  the  measured 
value , 

During  the  current  measurements  the  fluid  flow  rate  and  current 
were  observed  to  decrease  with  time  after  first  starting  the  flow.  The 
flow  reduction  was  due  to  formation  of  a  whitish  film  in  the  neighbor¬ 
hood  of  the  orifice.  After  several  minutes  of  flow  the  current  and  flow 
would  reach  a  steady  level.  The  measurements  reported  above  were  per¬ 
formed  at  that  steady  level.  Further  discussion  of  the  film  is  given 
ill  Secs.  9,  11.3  and  14.6. 

7.2.3  Wall  Current  Measurements  with  Other  Fluids 

Table  7-2  allows  a  comparison  between  phosphate  ester  fluids  and 
other  hydraulic  fluids.  No  film  formation  was  observed  in  these  other 
fluids.  The  first  point  of  interest  is  that  the  well  currents  are  less 
for  the  SST  fluid  and  MIL-H-5606.  Yet,  the  wall  current  does  not  vary 


irt'amc. 


Pressure  Drop  ~  PSI 


Fig.  7-8.  Relation  between  current  and  pressure  drop 


Table  7-2 


Comparison  of  Three 

Fluids 

Type  of  Fluid 

Electrical 

Conductivity 

eg 

I  at  2000  psl 
w 

Phosphate  Ester 

10“^mho/cm 

400  mV 

l.OpA 

SST  (Humble  WSX- 
7597) 

10"^  1 

less  than 
20  mV 

.002yA 

MIL-n-5606 

less  than 

10“^  ^mho/cm 

66  mV 

less  than 
.OOlpA 
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linearly  with  e?  as  predicted  by  Eq.  7-12.  The  reason  Is  that  Eq.  7-12 
Is  based  on  the  assumption  that  the  electrical  double  layer  Is  thin 
compared  to  both  the  hydrodynamic  boundary  layer  thickness  and  the  length 
scale  of  variations  along  the  wall.  Neither  of  these  conditions  Is  met 
by  fluids  of  extremely  low  conductivity  and  the  resulting  error  Is  In  a 
direction  that  causes  Eq.  7-12  to  predict  a  higher  than  observed  wall 
current.  Further  discussion  of  the  effect  of  conductivity  Is  In  Sec. 
14.2. 
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7.3  Conclusions 

1.  Well  established  principles  of  hydrodynamic  and  electroklnetic 
theory  can  be  combined  to  quantitatively  explain  the  current  flows 
observed  in  phosphate  ester  fluids. 

2.  The  ^  potential  of  the  electrical  double  layer  in  the  phosphate 
ester  fluids  seems  to  be  roughly  independent  of  the  fluid  flow  rate. 

3.  Additives  can  be  used  to  change  the  c,  potential  of  phosphate  ester 
fluids. 

A.  A  more  detailed  argument  is  required  to  quantitatively  explain 
current  flows  in  fluids  of  much  lower  or  higher  conductivity. 

5.  A  more  detailed  hydrodynamic  argument  is  required  to  predict  current 
density  in  the  neighborhood  of  the  orifice  and  to  avoid  ad  hoc 
assumptions  as  to  the  effective  sink  position. 
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8.0  CONDUCTIVITY  OF  FLUIDS 

Because  fluid  conductivity  plays  a  role  In  the  streaming  and  wall 
current  mechanism,  measurements  of  conductivity  were  made  and  the  effects 
of  several  additives  and  temperature  were  determined.  An  analysis  of  the 
data  was  made  In  an  effort  to  determine  the  nature  of  the  conducting 
species  In  phosphate  ester  fluids. 

8.1  Experiments 

The  A.C.  conductivity  of  several  hydraulic  fluids  was  measured  in  a 
glass  conductivity  cell  with  platinized  platinum  electrodes.  Frequencies 
from  10^  to  10^  Hertz  were  used.  In  addition,  some  relative  values  were 
obtained  from  the  D.C.  conductances  of  different  fluids  In  the  electro¬ 
chemical  cells  described  In  Sec.  9.0. 

The  conductivity  of  Skydrol  500A  which  was  used  in  many  of  the  ex¬ 
periments  described  in  this  report  was  approximately  10“^ohm”^cm~^ . 
Relative  conductivities  of  various  hydraulic  fluids  are  presented  in 
Table  8-1.  The  as-received  phosphate  ester  fluids  had  conductivities  of 
the  same  order  of  magnitude  while  the  MIL  #5605  B(2),  a  hydrocarbon  fluid, 
had  a  conductivity  at  least  six  orders  of  magnitude  smaller.  Hydraulic 
fluid  under  evaluation  for  the  SST  had  a  conductivity  about  four  orders 
of  Mgnltude  less  than  that  of  Skydrol.  Filtration  of  Skydrol  500A 
through  fuller's  earth,  an  adsorbing  clay  material,  decreased  the  con¬ 
ductivity  by  about  an  order  of  magnitude  indicating  significant  removal 

* 

of  the  conducting  species.  The  conductivity  of  Aeresafe  2300  fluid  from 


*  Based  on  data  obtained  from  the  Commercial  Airplane  Divisirn. 


Table  8-1 


Relative  Conductivity  of  Hydraulic  Fluids 


Relative 

Conductivity  Method 


Skydrol  500A 

1.4 

A.C. 

Skydrol  500A  Filtered  through 
fuller’s  earth 

'^0.1 

A.C. 

Skydrol  500C 

<^0.5 

A.C. 

Aerosafe  2300 

Container  (a) 

0.7 

A.C. 

Container  (b) 

2.8 

A.C. 

MIL  //  5606  B(2) 

<10~^ 

A.C. 

Purified  tributyl  phosphate 

0.5 

D.C. 

SST  Fluid 

'■vlO-'* 

A.C. 
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two  different  5-gallon  cans  from  the  same  lot  differed  by  a  factor  of 
four  Indicating  some  different  history,  or  contamination  (see  also 
Table  7-1).  The  conductivity  of  dlstillatlon-purlf led  tributyl  phos¬ 
phate,  a  typical  phosphate  ester,  was  about  one-half  that  of  the  formu¬ 
lated  fluids.  This  suggests  that  the  phosphate  ester  contributes  a 
significant  portion  of  the  conductivity  to  the  formulated  fluids. 

The  effect  of  some  additives  on  conductivity  Is  Indicated  In  Figs. 

8-1  and  8-2,  in  which  conductivity  relative  to  the  value  with  no  additive 
is  plotted  versus  the  molar  concentrations  of  the  additive.  Addition  of 
1.1  mole/liter  of  water  (2Z)  nearly  triples  the  conductivity  of  Skydrol 
500A  according  to  the  A.C.  conductivity  measurement.  The  somewhat 
smaller  Increase  observed  in  the  D.C.  measurement  may  be  in  part  due  to 
films  formed  on  the  electrodes  (Sec.  9.1).  Aerosafe  2300  and  Aerosafe 
basestock  appeared  to  have  a  smaller  increase  In  conductivity  with  water 
addition  chan  Skydrol  500A.  (Basestock  is  a  mixture  of  phosphate  esters 
without  other  additives.)  Hydroqulnone  increases  conductivity  of  Skydrol 
SOOA  on  a  molar  basis  more  chan  water.  It  is  seen  in  Fig.  8-2  chat  pyridine 
and  nitromeChane  in  small  amounts  decrease  conductivity,  although  pyridine 
increased  conductivity  at  higher  concentrations. 

Addition  of  2  cc  of  a  25Z  aqueous  solution  of  cetrameChyl  ammonium 
hydroxide  per  liter  of  Skydrol  500A  in  Che  screaming  current  measurements 
increased  Che  conductivity  by  about  a  factor  of  10.  Addition  of  this 
solution  to  the  fluid  in  Che  high-pressure  flow  experiments  resulted  in 
formation  of  a  precipitate  which  clogged  the  filter.  The  initial  decrease 
in  conductivity  with  added  pyridine  and  nitromethane  may  be  due  to 


Conc^tration  /liter 


Fig.  8-1.  Effect  of  added  water  and  hydroquinone  on  the  conductivity 
of  fluids. 


•  Pyridine  in  tributyl  phosphate  (D.  C . ) 
O  P]rridine  in  Skydrol  SOOA  (D.  C . ) 

□  Nitromethane  in  Skydrol  50QA  (D.  C . ) 


Li- 1  1  1.  1  J  ..1  I  I  I 

0.5  1.0 


Concentration 


Effect  of  pjrridint  and  nitroMthana  on  fluid  conductivity 
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formaCloD  of  a  complex  with  the  conducting  species  analogous  to  for¬ 
mation  of  a  precipitate  with  tetraaethyl  ammonium  hydroxide. 

Conductivity  increases  with  temperature  as  shown  in  Fig.  8-3.  The 
basestock,  the  formulated  fluid  and  the  fluids  with  IZ  added  water  have 
a  similar  relationship  of  relative  conductivity  to  temperature.  During 
the  period  at  130*C  the  wet  formulated  fluid  showed  a  30Z  decrease  in 
conductivity,  probably  due  to  removal  of  the  added  water  by  vaporization. 
Bubbles  were  observed  in  this  fluid  at  a  temperature  above  100*C  during 
heating  and  fumes  were  observed.  The  basestock  had  a  20Z  increase  in 
conductivity  when  held  at  150*C  and  this  relative  increase  persisted 
down  to  room  temperature  on  cooling.  Hydrolysis  of  the  phosphate  ester 
at  the  high  ten^erature  is  suspected  as  the  cause  of  this  increased  con¬ 
ductivity. 

8.2  Theory 

The  conducting  species  are  either  ions  produced  from  an  impui 
or  additive,  or  ions  produced  from  the  phosphate  esters.  Distil la; i.n- 
purified  tributyl  phosphate  had  a  conductivity  of  the  same  order  of  mag¬ 
nitude  as  the  formulated  fluids  suggesting  the  latter  possibility.  An 
analysis  of  the  conductivity  will  be  made  on  this  basis,  although  it  is 
recognized  chat  other  impurity  conducting  species  are  possible. 

The  hydrolysis  and  Ionization  may  be  represented  as  follows: 

R  R 

0  hydrolysis  0 

ROPOR  +  HjO  *  ROH  +  ROPO«  Reaction  8-1 

"  I 

0  0 

- 1  R 

J  ionization  ^  0 

I - ,  H  (solvated)  e  ROPO 

t 

0 


Reaction  8-2 
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1'emperature  ®C 


Fig.  8-3.  Effect  of  temperature  .in  relative  conductivity  of  fluids 
as  compared  to  relative  viscosity. 
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It  is  not  known  whether  the  hydrolysis  reaction  is  rate  determined  or 
is  at  equilibrium  but  the  ionization  of  the  phosphate  acid  is  assumed 
to  be  at  equilibrium. 

Conductivity  can  be  related  to  concentration  by 


0 


z'^  D  C 
i  i  i 
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using  the  Nemst-Einstein  approximation  for  mobility  [9] .  The  solvated 
hydrogen  ion  and  the  acid  anion  are  assumed  to  have  the  same  structure 
and  molecular  weight  giving  the  same  diffusivity  for  each.  For  this 
condition, 


o 
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where  C  is  the  concentration  of  the  onized  acid-  For  a  conductivity 
of  10”^ohm~^cm"^  and  a  diffusivity  of  10“^cn2/sec  at  25*C  (see  Appendix 
14.3),  the  concentration  of  ionized  acid  is  'vlO“®nole/c«^  by  Eq.  8-2. 

The  degree  of  ionization  of  any  solute  in  a  low-dielectric-constant 
fluid  like  a  phosphate  ester  would  be  expected  to  be  very  small.  Disso¬ 
ciation  constants  can  be  roughly  estimated  from  the  Bjerrum  equation 


K 


i 


4TrNa^  T  1 

3  [  4TTee  kTa  J 
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i 


*  The  4ii  factor  has  been  Included  in  the  exponential  term  to  convert 

the  units  of  Ref.  12  to  the  rationalized  MKS  units  used  in  this  report. 
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It  the  hydrolysis  is  not  at  equilibrium  (i.e.  rate  determined) 


F2 
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For  this  model,  concentrations  of  the  important  species  and  the 
equilibrium  constants  can  be  calculated  with  Eqs.  8-2  throup'',  8-9. 

Assuming  that  R  is  a  butyl  group  in  reaction  8-1  gives  a  molecular 
weight  for  the  acid  of  210,  and  a  dielectric  constant  of  8  for  the 
fluid  gives  ^  5x10  ^^mole/cm^  from  Eq.  8-3.  For  a  concentration  of 
conducting  species  of  '\'10“®mole/cm^  the  concentration  of  acid  is  therefore 
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'v2xlO”'7mole/cm3 .  A  phosphate  ester  molecular  weight  of  266  and  a 
density  of  one  gives  a  concentration  of  phosphate  ester  of  '^'A^lO'^mole/ 
cm3.  A  water  content  of  0.2%  gives  for  Its  concentration  ''-10"'*mole/cm^ . 
From  these  numbers  Eq.  8-6  gives  a  hydrolysis  equilibrium  constant  of 
'vl0~^  (dimensionless).  These  numbers  appear  to  form  a  consistent  set, 
l.e.,  they  have  the  correct  ranking  of  magnitudes  of  concentrations. 

It  can  be  seen  that  addition  of  water  has  two  principal  effects  in 

Eq.  8-8  it  Increases  the  C  term  and  Increases  the  dielectric  constant. 

H 

Addition  of  2%  water  to  a  fluid  with  an  initial  0.1%  water  would  increase 
the  conductivity  by  about  a  factor  of  two  by  the  Cjj  term.  Using  a  simple 
additive  law  for  the  effect  of  added  water  on  the  dielectric  constant 
gives  for  2%  water  a  dielectric  constant  of  0.02(79-8)  +  8  =  9.4.  (The 
additive  law  appears  to  be  approximately  correct  based  on  measurements 
with  Skydrol.)  This  value  gives  a  factor  of  three  from  the  exponential 
term  in  Eq.  8-8,  or  a  total  correction  factor  about  six.  The  experi¬ 
mental  data  in  Fig.  8-1  show  a  factor  of  2  to  3. 

Increased  ionization  of  a  solute  at  constant  concentration  would  be 
affected  only  by  the  dielectric  constant  in  Eq.  8-9.  The  rate-determined- 
hydrolysis  or  the  ionized-impuritv  model  would  therefore  appear  to  fit 
the  experimental  data  better  than  the  equilibrium-hydrolysis  model,  al¬ 
though  the  accuracy  of  the  data  or  models  may  not  be  sufficient  for  a 


*  A  typical  acid  number  of  0.03  mg  KOH/gm  for  new  fluid  corresponds  to 
an  acid  concentration  of  vSxiO'^mole/cm^  which  gives  an  order  of 
magnitude  check  on  the  validity  of  these  numbers. 
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definitive  test.  The  smaller  increase  in  conductivity  with  added  water 
foi  Aerosafe  fluid  as  compared  to  Skydrol  is  consistent  with  the  known 
lower  molecular  weight  for  the  Aerosafe  basestock. 

Temperature  has  two  principal  effects  on  conductivity  in  Eqs.  8-8 
and  8-9,  through  the  dlffuslvity  and  through  the  dielectric  constant. 

which  have  fractional  exponents  will  be  ne¬ 
glected.)  As  indicated  in  Appendix  14.3,  dlffuslvity  varies  as  absolute 
temperature  over  viscosity.  This  temperature  cerm  cancels  out  the  term 
in  the  denominator  of  the  F^/RT  so  conductivity  should  vary  as  the  reci¬ 
procal  of  viscosity.  It  is  seen  in  Fig.  8-3  that  the  values  of  '^25°^^ 
from  handbook  data  for  Skydrol  and  Aerosafe  increase  more  with  tempera¬ 
ture  than  the  relative  conductivities.  It  is  suspected  that  this  is  due 
to  the  decrease  in  the  dielectric  constant  with  temperature,  which  has 
the  relation  [13] 

e  =  e°  exp(-LT)  .  8-10 

The  value  of  L  calculated  from  variation  of  e  with  temperature 
shown  on  the  data  sheets  for  Skydrol  [10]  and  Aerosafe  [11]  is  such 
that  the  exponential  term  in  Eq.  8-8  could  account  for  the  difference 
between  Che  experimental  data  and  V2^o/v  in  Fig.  8-3.  The  ratio  of 
experit!€ntally  determined  relative  conductivity  to  handbook  relative 
viscosity  is  compared  to  the  theoretical  correction  factor  for  change 
of  dielectric  constant  with  temperature  in  Fig.  8-4.  The  ionizable  im¬ 
purity  and  the  rate  controlled  hydrolysis  models  would  be  affected  by 
temperature  in  the  same  way.  It  is  not  known  how  the  equilibrium  constant 
for  hydriilysis  would  vary  with  temperature  and  affect  the  equilibrium- 
controlled  hydrolysis  model. 


(The  effect  on  K,  and  p 
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The  Increased  conductivity  caused  by  addition  of  hydroquinone 
also  appears  to  be  consistent  as  to  order  of  magnitude  with  Eqs.  8-2 
through  8-5.  The  calculated  ionization  constant  is  2.2xlO~^ ^mole/cm^ 
which  for  a  concentration  of  10~^mole/cm^  (1  mole/liter)  gives  a  con¬ 
centration  of  dissociated  species  of  1.5xl0~^mole/cm^  assuming  one  OH 
group  ionized  per  molecule.  The  calculated  conductivity,  assuming  the 
same  dlffusivity  as  for  hydrolyzed  phosphate  ester,  is  therefore 
l.lxlO“^ohm"'cm"^  as  compared  to  an  increment  of  '''0.4xl0“^ohm"^cm“^  in 
Fig.  8-1.  The  important  point  from  the  hydroquinone  experiment  is  that 
a  relatively  large  amount  of  solute  (impurity)  is  required  in  order  to 
obtain  a  conductivity  equal  to  that  of  the  fluid. 

The  conductivity  increase  obtained  with  the  tetramethyl  ammonium 
hydroxide  addition  was  larger  than  calculated.  The  calculated  value 
from  a  calculated  icnization  constant  of  1.4x10”^ ^mole/cm^  was 
b.SxlO'Sohm'^cc"^  as  compared  to  a  measured  value  of  about  1x10“^. 

Several  possible  explanations  exist:  the  diffusivity  of  hydroxyl  ion  is 
greater  than  the  assumed  10“^,  the  dielectric  constant  of  the  fluid  in¬ 
creases  with  addition  of  the  polar  amine  hydroxide,  and  the  formation  of 
a  precipitate  with  the  amine  may  drive  the  dissociation  further,  giving 
a  higher  concentration  of  more  conductive  hydroxyl  ions.  Table  8-2 
gives  a  summary  of  calculated  and  observed  conductivities. 

The  identity  of  the  conducting  species  has  not  yet  been  determined 
but  the  preponderance  of  evidence  appears  to  be  in  favor  of  the  acid 
produced  by  hydrolysis  of  the  phosphate  esters  as  indicated  in  Table  8-3. 
A  low  conductivity  persisting  for  some  time  after  filtration  through 


Table  8-2 


Comparison  of  Concentration  of  Conducting 


Species  and  Conductivities 


Solute 

M  Ca  Ki  C 

gm/mole  mole/cm^  mole/cm^  mole/cm^ 

a  ,  0 

calc  meas 

ohm~'cm-'  ohm-' cm” 

Assumed  Phosphate 
Ester  Acid 

210 

2*10-'^ 

5xl0-*0  10-8 

1x10-^ 

Hydroquinone 

110 

10-3 

2.2xl0‘‘‘  l.SxlO"** 

1.1x10-®  0.4x10-8 

Tetramethyl 

Ammonium 

Hydroxide 

99 

5x10'^ 

1.4x10-'*  8x10-8 

6x10-8  1*10-8 
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Tabl-i  8-3 

Consistency  of  Behavior  of  Proposed  Conducting 
Species  in  Fluid  with  Various  Treatments  of  Fluid 


Treatnent 


_ Conducting  Species _ 

Acid  from  Hydrolysis 
Impurity  of  Phosphate  Ester 

Ions  Rapid  Slow 

_ Equilibriuia  Equilibriun 


Fuller's  earth  filtration 
Water  addition 

Increase  temperature 

Purify  basestock  by 
distillation 

Hydroquinone  addition  as 
compared  ro  fluid  additives 


Yes 

No 

Yes 

Yes 

No,  but  not 
definitive 

Yes 

Yes 

No,  but  not 
definitive 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 
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fuller's  earth  suggests  that  the  rate  of  hydrolysis  Is  rather  slow  at 
* 

room  temperature. 

The  effects  of  various  anion-cation  combinations  added  to  phosphate 
ester  fluids  are  suBoarlzed  In  Table  8-4.  It  would  appear  at  this  time 
that  the  only  suitable  additives  to  Increase  conductivity  are  those  con¬ 
taining  high  molecular  weight  organic  anions.  It  would  be  desirable 
that  they  have  low  surface  activity  In  order  to  not  Increase  the  c 
potential  and  streaming  current.  A  correlary  to  this  Is  that  the  streaming 
current  in  phosphate  ester  fluids  may  very  likely  be  caused  by  the  acid 
anion  produced  by  hydrolysis.  The  phosphate  anion  Is  correspondingly 
one  of  the  more  strongly  adsorbing  anions  In  aqueous  systems. 

8.3  Conclusions 

1.  There  is  a  very  low  degree  of  Ionization  of  solutes  In  phosphate 
ester  fluids,  consistent  with  the  low  dielectric  constant. 

2.  Conductivity  of  phosphate  ester  fluids  appears  to  be  largely  due 
to  the  presence  of  acid  formed  by  hydrolysis. 

3.  Rencval  of  the  acid  wjld  ,iot  be  likely  to  produce  a  permanent 
decrease  in  conductivity  because  of  continued  slow  hydrolysis. 

4.  The  most  likely  candidates  for  increasing  conductivity  arc  acids 
or  salts  with  high  molecular  weight  organic  anions. 


*  Ttiis  is  consistent  with  vendor  data  for  change  of  acid  number  with 


time  at  elevated  temperatures. 
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Table  8-4 

Effects  of  Various  Anion-Cation 


Coablnations  Added 

to  Phosphate 

Ester  Fluid 

Anion 

Cation 

Effect 

Inorganic 

Inorganic 

Not  appreciably  soluble 
or  dissociated. 

oh" 

Aaine 

Get  precipitate  with 
fluid. 

Organic 

Slight  dissociation. 
Need  high  Mlecular 
weight  anion  for  con¬ 
ductivity. 

Organic 

e.g.,  Na'^ 

Not  tested.  Would  need 

high  aolecular  weight 
anion  for  conductivity. 
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9.0  ELECTROCHEMISTRY  IN  PHOSPHATE  ESTER  FLUIDS 

Experiaents  were  conducted  Co  detenalne  if  corrosion  of  iron  sur¬ 
faces  in  phosphate  ester  fluids  could  be  produced  by  purely  eleccro- 
chenical  means  in  the  absence  of  high  velocity  flow.  The  first  experi¬ 
ments  with  parallel-electrode  cells  did  not  produce  significant  corrosion 
but  yielded  supplementary  information  useful  in  understanding  electro¬ 
chemistry  in  phosphate-ester  fluids.  After  it  was  realized  that  higher 
current  densities  chan  were  obtainable  with  the  parallel  electrode  cells 
would  be  required  to  obtain  pitting  corrosion,  experiments  were  conducted 
with  a  needle-to-plane  electrode  cell.  Some  approximate  electrode 
polarization  data  were  also  obtained  with  the  needle-co-plane  cell. 

9.1  Parallel-Electrode  Cell  Experiments 

The  parallel-plate  electrode  cells  are  illustrated  in  Figs.  9-1  and 
9-2.  The  cells  of  Fig.  9-1  were  100-ml  and  one-liter  beakers  with  pairs 
of  parallel  iron  sheet  electrodes.  The  cells  of  Fig.  9-lb  were  made  by 
clamping  a  0.010  inch  thick  Teflon  sheet,  with  a  cut-out  area  for 
electrolyte,  between  two  iron  sheet  electrodes.  These  cells  with  Che 
ssMller  interelectrode  spacing  permitted  obtaining  a  higher  current  den¬ 
sity  chan  was  attainable  for  the  beaker  cells  with  the  500  volt  power 
supply  used.  The  rotating  disk  electrode  sh  in  iig.  9-2  had  an  iron 
slug  pressed  into  a  Teflon  fitting  attached  to  a  rotating  shaft  with 
slip  rings. 

Conditions  and  calculated  quantities  fromi  the  results  of  the 
parallel  electrode  cell  experiments  are  given  in  Table  9-1.  It  stay  be 
noted  that  the  calculated  electrolyte  conductivity  corresponds  to  the 
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measured  value  with  A.C.  (Sec.  8-1).  The  calculation  was  only  accurate 
to  order  of  magnitude  because  the  current  distribution  was  not  perfectly 
uniform  at  the  electrodes. 

The  Initial  current  was  linearly  related  to  potential  as  shown  In 
Fig.  9-3  for  the  100-ml  beaker  cell  for  large  applied  potentials.  The 
slope  of  the  curve  was  consistent  with  an  electrolyte  conductivity  of 
10”^ohm"^cm”^  Indicating  that  current  was  limited  by  electrolyte  IR  drop. 
After  passing  current  for  a  period  of  time  the  Initial  opeu-clrcult 
potential  of  the  cell  was  1  to  3  volts  Indicating  that  some  electro- 
chemlcally  active  materials  had  been  deposited  on  the  electrodes.  The 
rotating-dlsk-electrode  experiment  at  500  volts  applied  to  the  cell 
produced  essentially  no  change  In  current  when  still  or  at  1000  RPM, 
consistent  with  IR-drop  control.  A  white  electrodeposlted  film  which 
formed  was  thicker  at  the  rim  of  the  Iron  disk  as  expected  for»a  primary 
current  density  controlled  by  IR  drop. 

In  all  of  the  parallel-electrode  electrolysis  experiments  the  cur¬ 
rent  decreased  with  time  as  shown  in  Fig.  9-4,  where  the  current,  scaled 
with  th**  Initial  value,  is  plotted  against  charge  per  unit  volume  -^t  the 
initial  current,  The  choice  of  charge  per  unit  volume  rather 

than  per  un^t  area  as  the  abscissa  was  purely  arbitrary  In  order  to  fit 
all  of  the  curves  on  the  same  plot.  The  decrease  in  current  in  the  one 
liter  cell  experiment  appeared  to  be  related  to  the  formation  of  electrode 
films  as  indicated  in  Fig.  3-5.  Scraping  tha  films  from  the  electrodes 
restored  approximately  the  original  current-potential  relationship. 

The  amount  of  charge  passed  per  unit  volume  is  three  orders  of 
magnitude  larger  than  the  calculated  concentration  of  charge  carriers  in 
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Initial  current-potential  curve. 
Table  9-1) 


(Experiment  No.  2, 
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Fif.  9-4.  Decay  of  current  vlch  total  charge  passed.  (Kuaber  cn 
curve  indicates  experia«nt  nuaber  in  Table  9-1.) 
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solution  based  on  the  conductivity  (see  Sec.  8.2).  The  conducting 
species  are  therefore  either  not  consumed  In  the  anodic  or  cathodic 
reactions  or  they  are  generated  In  the  cell  as  fast  as  they  are  re¬ 
moved  . 

Changes  In  fluid  properties  as  a  result  of  the  electrolysis  In 
experiment  No.  5,  Table  9-1  are  given  in  Table  9-2.  The  streaming 
current  measured  In  the  Kllnkenberg  apparatus  decreased.  Indicating 
that  a  fraction  of  the  surface-active  anions  had  been  removed.  The 
relative  conductivity  Increased  Indicating  a  small  Increase  in  the  con¬ 
centration  or  mobility  of  conducting  species.  The  Increase  In  conduc¬ 
tance  from  Table  9-2  is  24%  compared  to  IIX  indicated  in  Fig.  9-5  which 

4 

Is  within  experimental  error,  as  the  electrodes  were  not  scraped  per¬ 
fectly  clean. 

Analyses  of  the  anode  and  cathode  films  frcwi  experijient  No.  5, 
Table  9-1,  are  given  in  Table  9-3.  The  films  were  washed  with  acetone 
ij\  hiiii  and  then  scraped  off  the  electrodes.  Tl>e  anode  film  cracked 
(like  mud  on  a  dry  lake  bed)  after  washing  and  was  easily  removed  with 
a  Teflon  scraper.  The  total  weight  of  anode  material  collected  was 
0.135  gram,  which  was  estimated  to  account  for  about  90Z  of  the  anode 
film.  It  was  a  light  tan  color.  The  amount  of  cathode  film  was  only 
about  1  to  lOZ  by  volume  of  the  anode  film  and  was  very  firmly  adhering 
A  steel  scalpel  was  used  to  SMape  it  off. 

The  anode  film  was  amorphous  and  appeared  to  have  the  composition 
of  an  iron  salt  of  an  organic  phosphate.  If  it  is  assumed,  for  example 
that  iron  is  oxidized  at  the  anode  and  forms  a  salt  with  the  phosphate 


ester  acid,  e.g.. 
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Table  9-2 

Changes  in  and  Conductivity  of  &  drol  500A 

_ as  a  Result  of  Electrolysis _ 

(Experinent  No.  5»  Table  9-1) 


ec 

Measured  A.C. 

iHDii 

Relative  Conductivity 

Initial  fluid 

400 

1 

After  313  hours 

of  electrolysis 

260 

1.24 
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Table  9-3 

Analyses  of  Anode  and  Cathode  Filas 


from  Electrolysis  of  Skydrol  SOOA 
(Experiment  ho.  5,  Table  9-1) 


Analysis 

Anode  Film 

Cathode  Film 

X-ray  diffraction 

Amorphous 

- 

X-ray  emlision 

major  iKlOX) 

Organics 

Na 

minor  ('vl-lOZ) 

Pe.P 

lesser  ('vO.l-lX) 

Ca.Fe.P.Mg 

trace  (^O.IZ) 

Mn,Mg,Cu,Al, 

Si,Cr 

Cu,Al,Si 

Mass  spectrograph 

major 

C,0, organics 

Na.C.O 

minor 

Fe,P,H 

lesser 

Mn,Mg,Al,Si 

P 

trace 

Cu,Cr 

Ca.Fe.Mg.Cu, 

Al.Si,H 

Atomic  absorption 

10. 7Z  Fe 
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Fe  -*■  +  2e 

R  R  R 

0  0  0 

I  -  I  I 

Fe  +  2R0-P-0  -►  RO-P-O-Fe-O-P-OR 

I  •  I 

0  CO 

then  the  iron  contcsnt  would  be  11. ror  trlbutyl  phosphate  acid 
(MU-210).  For  a  total  charge  of 

(2050*l0“^aap8) (313x3600  sec)  •  2320  coulombs. 


this  reaction  would  give 


(2320) (2x210»55) 
(2) (96500) 


6.7  grams 


The  amount  of  material  collected  (0.135  gm)  thus  accounted  for  only 
22  of  this  value.  It  is  apparent  that  either  an  appreciable  fraction 
of  this  assumed  product  was  soluble  or  that  other  reactions  occurred 
giving  soluble  products. 

The  cathode  product  appeared  to  have  a  composition  of  something 
like  sodium  carbonate.  The  cathode  film  accounted  for  an  even  smaller 
part  of  the  charge  passed. 

At  high  current  densities  an  apparent  limiting  current  density  was 
reached  as  shown  in  Fig.  9-6  for  the  thin  electrolyte  cell.  The  Initial 
current  peak  was  consistent  with  a  conductivity  of  10”^ohm“^cm~' ,  al¬ 
though  at  applied  potentials  above  300  volts  the  current  decayed  too 
fast  to  get  a  reading  on  the  strip  chart  recorder.  The.  plateau  value 
(at  Q  >  2  coulomb/cm^  in  Fig.  9-4)  initially  appeared  to  Increase  with 


+  Initial  current 

O  Plateau  current  (Q>2  in  Fig.  9-4) 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

Une  for 

^  <I=10“’^ohm“^cm 

/ 


/  ^ 

/ 

/ 

/ 

/ 

/ 


9-6.  Initial  current  and  plateau  currant  for  thin  elactrolyta 
cell. 
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applied  potential  and  then  reach  a  limiting  current  density  of  about 
IxlO^'^anp/cm^ .  Further  work  would  have  to  be  done  to  establish  whether 
this  la  a  mass  transport  limit  in  the  solid  films  on  the  electrodes  or 
in  the  fluid. 

At  a  potential  of  400  volts  or  more  across  the  thin  cell  (a  field 
of  16,000  volts/cm),  sparking  occurred  resulting  In  arc  craters  In  the 
metal.  A  brownish  and  bluish  coloration  that  occurred  with  or  without 
sparks  was  sometimes  observed  on  the  electrodes  at  the  high  current 
densities.  It  was  similar  In  appearance  to  coloration  observed  on  Iron 
surfaces  in  aircraft  hydraulic  valves  near  the  damaged  areas. 

9.2  Meedle-to-Plane  Cell  Corrosion  Experiments 

After  it  was  recognized  that  higher  current  densities  would  be 
necessary  to  obtain  corrosion  in  the  phosphate  ester  fluids  the  needle- 
to-plane  cell  illustrated  in  Fig.  9-7  was  made.  One  electrode  was  a 
phonograph  needle  with  a  0.001  inch  tip  radius  and  the  oppesin),  electrode 
was  a  polished  steel  block  used  in  the  high-pressure  flow  experiments 
(Sac.  5).  luterelectrode  spacing  could  be  edjudted  wich  tne  miciometer 
head  holding  the  needle.  With  a  potential  of  about  one  volt  across  the 
cell  the  needle  was  carefully  moved  do%m  until  it  touched  the  blO':k  as 
indicated  by  a  sharp  increase  in  current.  I;  wau  then  uacked  off  to  a 
suitable  spacing  usually  0.001  inch.  As  Ip  all  of  the  electrolysis 
ex}.arlaenv:a,  current  waa  measured  with  a  strip  chart  recorder  connected 
to  a  C.IZ  decade  box  aa  a  ahunt.  It  many  of  tha  runs  a  lO^ohm  seriae 
limiting  raaiator  was  put  in  tha  circuit  to  protect  the  power  supply  In 
the  event  jf  arcing. 


To 

Recorder 


I 
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The  needle-to-plane  cell  was  aodified  as  shown  in  Fig.  9-8  to 
allow  polarization  studies  on  a  smaller  plane  surface  opposing  the 
needle.  Some  corrosion  experiments  were  also  conducted  with  this  cell. 

Observations  made  during  preliminary  experiments  with  the  needle- 
to-plane  cell  of  Fig.  9-7  are  sunmarized  in  Table  9-4.  All  of  these 
runs  were  made  at  500  volts  and  a  needle-to-plane  spacing  of  one  mil 
(2.5xl0~^cm) .  In  run  1  with  the  plane  negative  the  potential  was  in¬ 
creased  stepwise  to  500  volts  and  after  a  few  seconds  an  audible  spark 
occurred  which  produced  the  arc  crater  illustrated  in  the  photomicro¬ 
graph  in  Fig.  9-9.  With  a  10^  ohm  resiscor  in  series  in  run  2  no  sparks 
occurred  in  six  minutes.  A  white  film  formed  on  the  plane  surface  which 
could  easily  be  rubbed  off  with  a  cotton  swab  and  acetone  and  the  metal 
surface  underneath  was  undamaged. 

When  the  plane  was  made  positive  in  run  3,  numerous  small  sparks 
occurred  immediately.  Increasing  the  series  resistance  to  10'*ohns  in 
tun  4  decreased  the  severity  and  frequency  of  sparking  further.  When 
the  series  resistance  was  increased  to  lO^ohms  in  run  5  pitting  corrosion 
was  observed  under  the  tdiitc  film.  A  photomicrograph  of  the  surface 
before  cleaning  is  given  in  Fig.  9-10.  The  anodic  pitting  corrosion  was 
very  similar  in  appearance  to  the  damage  observed  in  aircraft  hydraulic 
valves  and  was  easily  distinguished  fron  the  arc  craters. 

A  series  of  experiments  then  conducted  to  study  the  anodic  pitting 
corrosion  in  more  detail  la  summarized  in  Table  9-5.  Different  fluids 
and  additives  and  a  range  of  applied  potential  were  examined  to  deter¬ 
mine  their  effect  on  the  amount  of  pitting  corrosion.  The  test  was  not 
really  satisfactory  in  a  quicntitacive  sense  but  a  relative  scale  of 


Fig.  9-8.  Necdle-to-plane  cell  for  polarization  studies. 
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Table  9-4 

CondltioQS  and  Observations  for  Prellainary 
Needle-to-Plane  Experl«»-ents  with  Skydrol  500A 


Run 

Polarity 
of  plane 

Series 
Resistance 
Rj  ohas 

Duration  of 
test(ain) 

Observations 

1 

- 

1 

1 

large  spark  and  arc  crater 

2 

- 

103 

6 

white  fila,  no  spark,  no 
daaage  to  plane 

3 

+ 

103 

(10  sec) 

sparks 

4 

lO** 

(20  sec) 

sparks  and  saall  arc 
craters 

5 

+ 

106 

1 

few  sparks  and  saaller 
arc  craters,  evidence  of 
pitting  corrosion 

Applied  potential  E  «  SOO  volts  and  Interelectrode  spacing 
d  ■  2.5*10"^c«  in  all  runs. 
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Table  9-5 

Conditions  and  (Hiaervations  for 
Needle-to-Plane  Electrolysis  Eicperlaenta 

Cell 

Conductance  Relative 


Run 

Electrolyte 

♦  I 

(volts) (uA) 

t  q 

(■in)  (Couloabs) 

xlO® 

(oh*-^) 

Aaount  of 
Pittins 

6 

Skydrol  500A 

250 

40 

55 

0.131 

0.16 

5 

7 

It 

170 

26 

70 

0.109 

0.15 

2 

8 

+1XCC1, 

4 

170 

26 

60 

0.094 

0.15 

5 

9 

"  +21H2O 

82 

27 

60 

0.097 

0.33 

4 

10 

'*  -HZCHjW^ 

I’O 

15 

95 

0.085 

0.09 

Spark 

11 

"  -fO.lZCHjNOj 

215 

24 

6C 

0.086 

0.11 

1 

12 

•1 

260 

40 

10 

0.036 

0.15 

1 

13 

II 

340 

50 

e 

0.036 

0.15 

2 

14 

M 

200 

30 

13.5 

0.036 

0.,5 

1 

15 

II 

120 

20 

20 

0.036 

0.17 

0 

16 

’’  +lZhydro- 
quinonc 

150 

32 

64 

0.123 

0.21 

2 

17 

”  +llZhydro- 
quinonc 

48 

35 

67 

0.141 

0.73 

0 

18 

*’  +1ZCC1^ 

80 

70 

60 

0.25 

0.9 

10 

19 

Aerosafc  base- 
stock 

330 

28 

60 

0.10 

0.085 

3 

20 

Aerosafe  2300 

350 

30- 

40 

60 

-vO.ll 

0.085-0.11 

2 

liiterclectrodc  spaciof  d  «  2.S>10~^ca  in  all  runs 
Scries  Resistor  R^  *  lO^otw*  in  11-20 
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aaount  of  pitting  corrosion  froa  0  to  10  based  on  exaainatlon  of 
depth  of  pitting  under  the  nicroscope  and  area  of  pitting  corrosion 
observed  on  photoalcrographs  of  the  corroded  areas  illustrates  gross 
ffects. 

Run  6  produced  a  significant  asMunt  of  pitting  as  indicated  in  the 
photoaicrograph  in  Pig.  9-11.  The  aaxiaua  depth  of  the  pitted  area, 
deterainad  by  focusing  a  Reichert  aetallurgical  aicroscope  at  4S0x  on 
the  pitted  zone  and  adjacent  area,  vas  about  4  aicrons.  The  approxi- 
aate  diaensions  of  the  pitted  area  in  relation  to  the  needle  electrode 
are  indicated  in  Fig.  9-12. 

The  aeasured  depth  of  pitting  allovs  an  approxiaate  calculation  of 
the  current  efficiency  for  the  corrosion  reaction.  The  upper  Halt  for 
current  density  at  the  center  of  the  pit  would  be  approxisuitely 


i  -  o  ^  9-1 

Q 

A  conductivity  o  ■  lO^^oha'^ca"^ ,  and  an  applied  potential  of  250  volts 
across  a  0.002S  ca  gap  gives  a  current  density  i^^  -  lalO'^aap/ca^ . 

The  thickness  of  aetal  reaoved  by  this  current  density  would  be 


t 
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A  current  density  of  10~^aap/ca^  for  55  ainutes  assuaing  the  iron 
corrodes  to  a  valence  of  two  gives  t  *  11  aicrons.  The  ainlaua  current 
efficiency  of  corrosion  (based  on  the  uppcr-lialt  current  density)  in 
the  center  of  the  pitted  area  was  therefore  about  (4/11) (100)  •  J6X. 


5 


i 
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3 

S 


( 

Fig.  9-12.  Scale  drawing  of  needle-to-plane  experiment  showing  | 

approximate  dimensions  of  pitted  area  in  run  6.  I 
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The  average  corrosion  current  efficiency  for  the  whole  surface 
based  on  the  total  volume  of  metal  removed  and  the  total  charge  passed 
was  considerably  smaller  than  this  figure.  The  volimie  of  the  cone  of 
metal  removed  as  illustrated  in  Fig.  9-12  is  about  lxlO~^cm"^.  The 
amount  of  iron  that  would  be  removed  by  0.13  coulombs  to  form  valence- 
two  iron  is  4.Rxio~®cm^,  giving  an  average  current  efficiency  of  about 
2%.  The  relatively  low  average  current  efficiency  compared  to  the  value 
in  the  center  of  the  pitted  zone  may  be  attributed  to  the  electrochemical 
formation  of  the  white  film  in  the  areas  of  lower  current  density.  It 
is  shown  in  Appendix  14.4  that  most  of  the  current  flows  to  areas  on  the 
steel  block  around  the  zone  of  maximum  pitting.  The  formation  of  the 
white  film  occurs  in  preference  to  significant  corrosion  of  the  iron  at 
low  current  densities  as  observed  in  the  parallel-electrode  cell  studies. 

The  amount  of  pitting  decreased  significantly  at  a  lower  applied 
potential  and  current  in  run  7.  The  depth  of  pitting  was  less  than  one 
micron  and  could  not  be  detemined  with  the  microscope.  Photomicro¬ 
graphs  of  the  white  film  and  the  pitted  area  after  removal  of  the  film 
are  shown  in  Fig.  9-13.  The  diameter  of  the  area  covered  with  deposited 
film  is  seen  to  be  more  than  ten  times  that  of  the  area  of  maximum  pitting. 
The  film  is  for  the  most  part  white  except  for  color  fringe  areas  around 
the  edge  and  for  a  brown  coloration  over  the  pitted  zone.  The  brown 
coloration  is  presumably  due  to  iron  corrosion  products. 

The  similar  appearance  of  pitting  of  iron  in  the  phosphate  ester 
fluid  to  pitting  of  iron  in  aqueous  solutions  suggested  that  the  phenomena 
might  be  similar.  Pitting  corrosion  of  iron  in  aqueous  solutions  is  known 
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to  occur  In  the  presence  of  halide  ions.  It  was  reasoned  that  carbon 
tetrachloride,  an  organic  halogen  compound,  might  be  a  pitting  corrosion 
agent  In  an  organic  electrolyte.  One  percent  of  carbon  tetrachloride 
added  to  the  electrolyte  In  rim  8  Increased  the  amount  of  corrosion  com¬ 
pared  to  run  7  for  otherwise  the  same  conditions.  Photomicrographs  of 
the  surface  after  cleaning  are  shown  In  Fig.  9-14.  The  average  maKlmum 
depth  of  pitting  was  3.1  microns  giving  a  current  efficiency  of  35Z  in 
the  center  of  the  pitted  zone  based  on  Eqs.  9-1  and  9-2.  This  experi¬ 
ment  has  an  important  bearing  on  the  valve  damage  problem  as  It  suggests 
that  decreasing  the  concentration  of  residual  chlorine  compounds  might 
avoid  pitting  corrosion  even  with  the  generation  of  a  streaming  current. 
Further  experiments  are  reported  later  in  this  section. 

The  effect  of  water  addition  was  Investigated  In  run  9  with  2% 
added  water.  The  electrolyte  conductivity  Increased  by  about  a  factor 
of  two  and  a  lower  applied  potential  was  used  in  order  to  obtain  the 
same  current  as  In  runs  7  and  8.  This  addition  of  water  appeared  to 
have  Increased  the  amount  of  white  film  and  the  tendency  for  pitting 
In  respect  to  the  as-received  fluid  as  noted  In  the  photomicrograph  In 
Fig.  9-15.  A  small  arc  crater  is  also  observed  on  one  side  of  the  deeply 
pitted  zone.  A  significant  difference  between  this  run  and  the  conditions 
In  the  valves  Is  that  a  constant  current  was  maintained  here,  whereas  in 
the  valves  the  wall  current  may  decrease  due  to  the  white  film  (see  Sec. 
11.3  and  Appendix  14.6.3).  More  work  should  be  done  to  evaluate  the 
effect  of  water  additions. 

*  Although  carbon  tetrachloride  is  not  appreciably  Ionized  In  solution 
It  may  react  In  the  high  field  at  the  electrode  surface. 


Fig.  9-lS.  Corroded  area  from  run  9  with  2Z  added  water,  after 
removal  of  film. 
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Nitrates  and  other  oxyanlons  are  inhibitors  for  pitting  corrosion 
in  aqueous  solutions  so  nitromethane,  an  organic  analog,  was  tested  in 
runs  10  and  11.  At  the  one-percent  level  in  run  10  the  conductivity 
was  significantly  decreased.  Sparking  occurred  and  it  was  not  possible 
to  increase  the  level  of  current  to  that  of  runs  7  to  9.  No  corrosion 
was  evident  around  the  spark  crater.  At  the  0.1  percent  level  in  run 
11  and  nearly  the  same  current  level  as  in  runs  7  to  9  the  pitting 
appeared  to  be  somewhat  decreased  but  the  results  were  not  definitive. 
Further  more-careful  work  would  have  to  be  done  to  establish  if  nitro¬ 
methane  is  a  pitting  corrosion  inhibitor  in  phosphate  ester  fluids. 

Runs  12  to  IS  were  made  for  further  verification  of  the  effect  of 
current  density  on  the  amount  of  pitting.  These  runs  were  made  at  dif¬ 
ferent  applied  potential  and  current  but  with  the  same  total  charge 
passed .  The  amount  of  pitting  was  negligible  at  a  current  of  20  A  but 
increased  rapidly  with  increasing  current  suggesting  a  threshold  current 
density  for  corrosion.  The  threshold  level  for  corrosion  was  not 
accurately  determined,  however,  because  runs  12  to  15  were  too  short  for 
accurate  evaluation. 

Additions  of  hydroquinone  were  made  in  runs  16  and  17  to  determine 
if  an  easily  oxidizlble  material  would  consume  current  in  preference  to 
pitting  corrosion.  At  the  IIZ  level  (approximately  one  mole/liter)  in 
run  17  pitting  was  virtually  eliminated  for  a  condition  of  current  den¬ 
sity  and  time  which  would  otherwise  have  produced  a  large  amount  of  pit¬ 
ting.  It  was  also  noted  earlier  that  the  conductivity  of  the  fluid  was 
increased  several  fold  by  the  IIZ  hydroquinone  addition. 
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A  second  run  with  IX  carbon  tetrachloride  set  up  as  a  denonstratlon 
run  Is  also  reported  here.  For  an  unknown  reason  the  conductivity  of 
this  fluid  was  about  six  times  higher  than  normal.  The  fluid  containing 
the  added  carbon  tetrachloride  had  been  in  an  open  beaker  exposed  to  the 
laboratory  atmosphere  for  several  days  and  may  have  absorbed  some  HCl 
fumes.  Whatever  the  catise  of  the  increased  conductivity,  the  current 
was  high  and  a  large  amount  of  damage  occurred  as  indicated  in  Fig.  9-16. 

Aerosafe  basestock  and  formulated  fluid  were  used  in  runs  19  and  20. 
The  experiments  were  not  sensitive  enough  to  determine  if  there  was  a 
significant  difference  between  the  formulated  fluids  from  the  two  vendors 
(i.e.,  run  20  versus  runs  6  and  7)  but  significantly  more  corrosion  was 
obtained  with  the  basestock  as  shown  in  Fig.  9-17.  The  damage  was 
greater  with  the  basestock  in  spite  of  a  lower  current  density.  It  night 
be  concluded  from  these  experiments  that  some  of  the  additives  are  pv  v- 
ferentlally  oxidized  In  respect  to  basestock  or  iron  or  that  they  inhibit 
corrosion. 

Further  corrosion  experiments  were  conducted  with  the  needle-to- 
plane  cell  of  Fig.  9-8  to  determine  if  the  distillation-purified,  low- 
chlorine,  basestock  produced  less  corrosion.  The  purified  tributyl 
phosphate  gave  essentially  no  corrosion  as  indicated  in  Fig.  9-18.  The 
small  dark  area  is  where  the  needle  electrode  poked  into  the  disk  during 
adjustment  of  the  spacing.  The  spots  strung  like  beads  along  the  polishing 
scratches  were  not  pits  but  were  seen  to  be  bluish  stains  at  higher  magni¬ 
fication.  The  current  averaged  only  3  1/2  vamps  rather  chan  the  desired 
4  vamps  during  this  experiment  because  the  fluid  had  a  high  resistivity 
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and  this  was  Che  naxlaiai  current  obtainable  vith  Che  500  volt  power 
supply.  The  current  fluctuated  wildly  during  this  experlaenC  as  if 
sparking  were  occurring. 

The  resulting  corrosion  froa  one-hour  electrolyses  In  trlbutyl 
phosphate  with  21  ppa  chlorine  Is  shown  In  Fig.  9-19  for  coaparlson. 

(It  Is  noted  chat  the  aaounc  of  corrosion  aore  than  doubled  at  a  current 
of  4  paap  coapared  to  2  uaap,  consistent  with  earlier  findings.  The 
aaxiaua  depth  of  corrosion  in  the  heavily  pitted  area  under  the  needle 
in  the  4  paap  experlaenC  was  about  one  aicron.)  Corrosion  in  basestock 
(a  alxture  of  phosphate  esters  containing  46  ppa  chlorine)  was  siailar 
Co  that  in  trlbutyl  phosphate  shown  in  Fig.  9-19.  The  results  of  these 
cxperlacnts  suggest  Chat  valve  daaage  aighc  be  eliatlnaced  in  low-chlorine 
fluids  even  if  a  strcaalng  current  is  generated. 

Same  1-chlorobutanc  equivalent  to  250  ppa  chlorine  was  added  to  the 
purified  basestock  to  deterainc  if  chlorine  in  this  fota  is  daaaging. 

Only  slight  coirosion  occurred  in  a  one-hour  run  at  3  1/2  paaps,  indi¬ 
cating  chat  it  is  necessary  to  have  the  chlorine  present  in  a  aore  reac¬ 
tive  fora  for  corrosion  to  occur. 

9.3  Anode  Polarisation  in  Phosphate  Ester  Fluids 

Measureawnt  of  Che  working  electrode  potentials  in  the  high 
resistivity  phosphate  ester  fluids  posed  difficult  problcas  that  were 
only  partially  solved.  Because  cell  potentials  of  up  to  several  hundred 
volts  were  required  to  obtain  the  desired  current  density,  even  with  a 
0.001  inch  spacing,  a  current  interrupter  technique  was  necessary  to 
aeasure  %forking  electrode  potential.  Further,  the  saall  wick  area  of  a 


saturated  calomel  reference  electrode  (SCE)  gave  such  a  large  resistance  on 
the  phosphate  ester  electrolyte  side  of  the  junction  that  It  was  not 
acceptable.  Capacitance  coupling  between  the  SCE  and  the  micrometer 
head  when  the  cell  circuit  was  opened  gave  unacceptable  spurious  sig¬ 
nals.  A  platinized  platinum  electrode  In  the  form  of  a  ring  located 
axially  in  respect  to  the  working  electrode  was  found  to  be  a  more  satii'- 
factory  reference.  It  established  a  reasonably  constant  rest  potential 
that  by  coincidence  was  usually  within  +  100  mv  in  respect  to  SCE. 
Steady-state  calibrations  of  the  reference  potential  were  made  against 
SCE  with  a  Keithley  610  BR  electrometer  during  each  experiment. 

The  circuit  used  in  the  measurements  of  electrode  polarization  is 
given  in  Fig.  9-20.  The  current  in  the  anode-cathode  circuit  was  switched 
off  and  the  electrometer  was  switched  on  to  the  platinum  reference  elec¬ 
trode  by  the  ganged  toggle  switches  Sj^  and  S^  respectively.  It  was 
necessary  that  the  electrometer  be  disconnected  while  current  flowed 
through  the  cell  because  the  reference  electrode  located  in  the  electro¬ 
lyte  between  the  anode  and  cathode  assumed  a  potential  which  overloaded 
the  electrometer.  Because  of  the  high  Impedance  of  the  electrolyte  the 
toggle  switches  were  Insulated  and  shielded  from  each  other  by  mounting 
on  a  1/4  inch  Plexiglas  sheet  on  a  two-compartment  grounded  metal  box. 

They  were  ganged  by  means  of  a  Plexiglas  block  cemented  to  their  handles. 

In  order  to  avoid  a  sudden  jump  in  potential  when  was  connected 
to  the  electrometer,  was  connected  to  an  adjustable  bias  potential 
while  was  in  the  closed  position.  The  IR-free  potential  of  the 
electrode  under  study  was  taken  as  the  bias  potential  at  which  there  was 
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no  blip  on  the  strip  chart  recorder  at  switching.  For  small  polarization 
this  was  satisfactory  but  for  larger  polarizations  (greater  than  2  volts) 
the  initial  decay  of  overpotential  was  so  fast  that  the  reading  was  very 
Inaccurate.  A  repetitive  switching  circuit  in  which  relays  driven  by  a 
signal  generator  were  substituted  for  and  and  the  signal  was  dis¬ 
played  on  an  oscilloscope  was  tried  but  solving  the  transient  problems 
associated  with  the  high  Impedance  cell  was  considered  to  be  beyond  the 
scope  of  the  present  investigation. 

Anodic  current-potential  curves  for  Aerosafe  2300  fluid  and  the 
phosphate  ester  basestock  are  shown  in  Fig.  9-21.  The  anode  was  an 
iron  wire  potted  in  epoxy  resin  and  polished  on  the  exposed  end.  The 
exposed  end  had  a  diameter  of  10“^ cm  and  area  of  about  lO'^cm^.  Both 
fluids  were  said  by  the  vendor  to  contain  about  50  ppm  of  chlorine  in 
the  form  of  chlorobutane. 

The  anode  polarization  became  too  large  to  measure  for  both  the 
formulated  fluid  and  basestock  at  a  current  density  of  about  3xl0~^antps/cm2 
based  on  the  total  anode  area-  The  polarization  appeared  to  decrease  at 
higher  current  densities  in  the  basestock.  A  slgn.ificant  amount  of  pit¬ 
ting  occurred  in  the  basestock  experiment  but  little  pitting  occurred  in 
the  experiment  with  formulated  fluid.  This  suggested  that  the  decrease 
in  polarization  at  higher  current  densities  and  the  lower  polarization 
with  decreasing  current  for  basestock  may  have  been  due  to  onset  of  pit- 
ping  corrosion.  Higher  polarization  and  less  pitting  in  formulated  fluid 
perhaps  could  be  attributed  to  corrosion  inhibiting  additives. 

Anodic  current-potential  curves  for  distill.ition-purified  basestock 
with  2  ppm  residual  chlorine  and  the  same  material  with  approximately 
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2000  ppm  added  chlorine  in  the  form  of  1  chlorobutane  are  shown  In  Fig. 

9-22.  The  purified  basestock  had  a  polarization  curve  similar  to  the 

formulated  fluid  as  shown  In  Fig.  9-21.  The  solution  with  added  1 

chlorobutane  In  general  produced  a  lower  polarization.  Pitting  was 

observed  In  the  latter  solution  but  not  In  the  pure  purified  base- 

% 

stock.  (The  amount  of  added  1  chlorobutane  here  was  nearly  10  times 
greater  than  In  the  experiment  described  In  Sec.  9-2  In  which  no  sig¬ 
nificant  pitting  occurred.)  , 

9.4  Conclusions 

The  following  conclusions  are  made  for  electrolysis  of  phosphate 
ester  fluids  under  non-flow  conditions. 

1.  Solid  hlgh-reslstance  films  form  on  Iron  electrodes  In  phosphate 
ester  fluids  at  low  current  density,  e.g.,  10"‘*amp/cm^.  The 
anode  film  Is  amorphous,  contains  about  10%  Iron  and  has  a  com¬ 
position  otherwise  similar  to  the  phosphate  ester.  The  current 
efficiency  for  oxidation  of  iron  is  about  2%.  The  cathode  de¬ 
posit  contains  predominantly  sodium,  carbon  and  oxygen. 

2.  There  is  a  limiting  current  density  of  'v3xl0~‘*amp/cm2  at  which  a 
steep  Increase  in  potential  occurs. 

3.  Pitting  corrosion  of  iron  occurs  at  an  anodic  current  density 
greater  than  'v5xl0~^amp/ca^.  The  current  efficiency  for  corrosion 
is  at  least  33%  at  a  current  density  of  lO'^amp/cm^. 

4.  Pitting  corrosion  is  promoted  by  addition  of  carbon  tetrachloride 
to  the  fluid  but  is  essentially  eliminated  when  the  chlorine  con¬ 
tent  of  the  fluid  is  decreased  by  distillation  to  2  ppm. 
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Corrosion  can  be  inhibited  by  addition  of  an  easily  oxldizable 
material  such  as  hydroqulnone . 


Current  tiA 
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10,0  COUPLED  STREAMING  CURRENT  AND  SPABK  DISCHARGE 
If  a  streaming  current  generated  by  fluid  flow  Is  carried  Into  a 
container,  for  example,  when  a  storage  tank  Is  being  filled  with  a  pipe, 
high  potentials  can  be  generated  and  electrical  breakdown  may  occur  [5]. 
It  was  considered  possible  that  a  similar  process  may  be  occurring  In 
hydraulic  valve  systems,  resulting  In  some  form  of  unwanted  electrical 
discharge  machining. 

When  an  electrical  charge  Is  deposited  In  a  liquid  of  conductivity 
a  and  dielectric  constant  e,  contained  In  a  grounded  metal  can,  approxi¬ 
mately  half  of  the  charge  will  leak  to  groimd  in  a  time  given  by  [5]  as 


o 


T  Is  kno%m  as  the  relaxation  time,  and  is  essentially  Independent  of 
the  geometry  or  size  of  the  container. 

A  rough  Indication  of  the  average  charge  in  the  system  may  be 
obtained  from 

q  -  I  T  ,  10-2 

^  s 

where  1  Is  the  streaming  current.  Dividing  Q  by  some  characteristic 

8  w 

dimension  of  the  system  gives  a  measure  of  the  potentials  which  may  be 

generated.  Obviously,  the  larger  I  and  the  smaller  a  are  the  greater 

s 

is  the  possibility  of  breakdown. 

For  highly  refined  petroleum  products  t  can  have  values  as  large 
as  10''sec.  Skydrol  SOOA  with  a  conductivity  of  approximately  10~^mhos/cm 
and  a  dielectric  constant  c  of  about  8  has  a  value  for  t  of  approximately 
10~®8ec . 


10-97 


Rough  estimates  of  the  magnitude  of  the  potentials  generated  In 
the  valve  orifices  Indicated  that  spark  breakdown  would  be  unlikely, 
however,  a  search  was  made  for  sparks  In  the  apparatus  of  Fig.  5-1  by 
Inserting  a  small  sapphire  window  in  one  of  the  metal  blocks  near  the 
metering  orifice.  Observations  through  the  window  with  a  photomulti¬ 
plier  Indicated  no  sparks.  The  window  was  replaced  with  a  fine  %d.re 
embedded  In  epoxy,  to  be  used  as  an  antenna  to  detect  electrical  noise 
from  sparks.  No  such  noise  was  found,  further  eliminating  the  possi¬ 
bility  of  spark  damage.  However,  a  small  steady  positive  electrical  cur¬ 
rent  was  found  to  flow  from  the  wire  into  the  liquid. 

The  mechanism  for  the  generation  of  this  wall  current  is  described 


in  Sec .  7 . 
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11.0  COUPLED  STREAMIMG  CD8RENT  AND  CORROSION 

11.1  High  Pressure  Flow  Experiments 

11.1.1  Disk  to  Ring  Current 

In  order  to  determine  if  the  actual  wall  current  generated  in  the 
orifice  in  the  high  pressure  flow  experiments  (Sec.  7.2.2)  was  consis¬ 
tent  with  the  measured  amount  of  corrosion,  the  ring-disk  electrode 
system  shown  in  Fig.  11-1  was  built.  The  steel  ring  and  disk  were 
cemented  with  epoxy  resin  and  the  surface  was  lapped  as  described 
earlier  (Sec.  5).  The  ring-disk  electrodes  were  aligned  axially  with 
the  orifice  within  1/2  thousandth  of  an  inch  by  means  of  the  alignment 
pin  and  shiats.  Streaming  current  was  determined  by  measuring  the  po¬ 
tential  across  a  lO^ohm  resistor  connected  beuween  ring  and  disk. 

At  a  gap  of  0.001  inch  and  a  pressure  drop  of  2300  psi  across  the 
orifice,  the  ring-disk  electrode  system  (Fig.  11-1)  generated  a  current 
between  ring  and  disk  of  5  microamperes.  On  open-circuit  at  a  pressure 
of  1900  psi  across  the  orifice  a  potential  of  70  volts  was  measured  be¬ 
tween  ring  and  disk  with  a  Reithley  610  electrometer.  Current-potential 
curves  with  and  without  flow  obtained  for  the  ring-disk  system  by 
applying  a  potential  between  ring  and  disk  with  an  external  battery  are 
shown  in  Fig.  11-2.  The  resistances  calculated  from  the  slopes  arc  con¬ 
sistent  with  the  value  cstlMted  from  the  fluid  conductivity  and  system 
geometry  (see  Appendix  14.4).  The  apparent  lower  resistance  with  flow 
is  probably  due  to  the  lip  of  the  orifice  getting  into  the  circuit  at 
the  high  potential  gradient  developed  in  the  fluid  with  flow.  Corrosion 
was  observed  on  the  downstream  side  of  the  lip  in  this  experiment. 


Fif.  11-1.  RiRg-4isk  electrode  systea  for  aeesureewnt  of  vail  current 
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consistent  with  the  lip  getting  Into  the  ring-disk  electrical  circuit. 
It  may  be  noted  that  the  current-potential  curve  with  flow  extrapolates 
to  a  zero-current  intercept  of  100  volts,  which  is  a  rouga  check  on  the 
70  volts  measured  at  a  lower  flow  rate.  Unfortunately  the  corfosion 
was  not  uniform  enough  on  the  disk  to  make  an  estimate  of  the  amount  of 

metal  removal  to  check  with  the  total  charge  passed  in  the  experiment 

« 

but  the  current  measured  affords  a  means  of  comparison'  to  the  28  1/2 
hour  wear  test  as  is  described  In  Sec.  11,. 2.1. 

11.1.2  Cathodic  Protection 

As  a  further  test  of  the  idea  that  the  current  flow  was  producing 

#  • 

the  damage  by  electrochemical  corrosion, _  the  a'pparatus  of  Fig.  5-1  was 
run  with  90  volts  applied  between  the  flat  specimen  and  the  block  con¬ 
taining  the  lip.  After  6' hours  of  flow  of  Skydrol  500A  with  2000  psi 
upstream  and  atmospheric  pressure  downstream,  no  damage  was  observed 
on  the  cathodic  specimen.  The  anodic  lip  was  damaged  far  more  than 
usuil . 

This  demonstration  that  cathodic  protection  is  possible  is  of 
interest  only  as  further  evidence  in  support  of  the  proposed  damage 
mechanism.  Cathodic  protection  of  the  valves  would  be  very  difficult 
and  is  not  suggested. 

11.1.3  Insulating  Specimen 

As  yet  another  test  of  the  validity  of  proposed  damage  mechanism 
an  aluminum  oxiae  ceramic  insert  was  sec  into  the  flat  specimen  block 
of  Fig.  5-1  and  run  for  22  hours  from  3000  psi  to  atmospheric  pressure 
with  Aerosafe  2300.  Ac  the  end  of  the  test  no  sign  of  damage  was 


observed  on  the  ceramic  as  expected,  and  the  metal  lip  had  clearly  been 
damaged.  In  ultrasonic  cavitation  experiments  this  same  ceramic  vas 
more  easily  damaged  than  the  harviened  52100  steel. 


The  amount  and  the  pattern  of  metal  removal  were  determined  by  pro¬ 
file  measurements  with  a  Talysurf  Model  3  instrument.  An  average  profile 
determined  from  measurements  for  sixteen  radial  profiles  is  given  in 
Fig.  11-3.  (See  Appendix  14.5  for  data.)  Comparing  the  metal  loss 
pattern  to  shorter  runs  (see  Fig.  5-2)  it  appears  that  corrosion  starts 
at  the  upstream  side  of  the  lip  but  moves  downstream  as  the  leading  edge 
of  the  lip  is  corroded  away  and  the  flat  surface  becomes  pitted.  Current 
densities  corresponding  to  the  amount  of  corrosion  of  iron  along  the 


in  which  the  parameters  listed  in  Table  11-1  were  used.  .\  plot  of 
Eq.  11-1  is  compared  to  the  theoretical  current  density  distribution, 
Eq.  7-11  (for  the  parameter  values  listed  in  Table  11-1)  in  Fig.  11-4. 
The  current  density  for  corrosion  is  in  reasonable  agreement  with  the 
streaming  current  theory  in  the  range  of  50  to  180  microns  upstream 


Fig.  11-3.  Scale  drawing  of  orifice  shoving  final  average  profile 
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from  the  lip.  At  about  190  microns  from  the  lip  there  Is  a  sharp  cut¬ 
off  In  the  pitting,  suggesting  that  the  wall  current  can  be  supplied 
by  another  electrochemical  reaction  at  low  current  density.  The  limiting 
current  density  for  this  reaction  appears  to  be  'vSxlO'^amp/cm^  from  the 
value  of  Eq.  7-11  at  190  microns. 

The  current  density  based  on  the  profile  also  deviates  below  equa¬ 
tion  close  to  the  lip.  In  part  this  Is  certainly  due  to  the  departure 
from  the  point-sink  assumption  In  Eq.  7-11  at  a  position  several  gap 
widths  upstream.  Other  factors  may  also  be  operating  because  the 
average  current  efficiency  for  pitting  based  on  the  total  metal  removed 
as  compared  to  the  wall  current  measured  in  the  ring-disk  experiment  is 
only  20Z  as  shown  In  Table  11-2.  A  disparity  of  this  ’rugnitude  must 
occur  in  the  high  current  density  zone  near  the  gap  rather  than  in  the 
low  current  density  tone,  suggesting  that  there  nay  be  a  limit  to  the 
rate  of  pitting.  This  could  be  related  to  the  concentration  of  chlorine 
containing  compounds  present  or  to  conductivity  of  the  fluid  (see  Appen¬ 
dix  14.6).  Further  work  needs  to  be  done  to  clarify  this. 

11.2.2  Flow  Damage  in  Various  Fluids 

Flow  damage  experiments  were  performed  with  two  fluids  other  than 
phosphate  esters  and  the  results  are  shown  in  Table  11-3.  The  table 
shows  that  neither  damage  nor  deposit  formation  occurs  with  fluids 
exhibiting  little  or  no  wall  current  as  measured  by  the  method  of  Sec. 


7.2.1. 
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Table  11-2 

Estimation  of  Average  Current  Efficiency 
for  Corrosion  In  28  1/2  hour  Run _ 


C.E. 


Volume  of  metal  removed _ 

Calculated  volume  based  on  average  current  and  time 


V 

m 


V  ttda 
tn 


ItM 


D  diameter  at  Inner  edge  of  lip 
*  0.23  cm 

A  >  area  of  final  average  profile 
-  6.57xl0"^cm2  (Fig.  11-3  and 
Appendix  14.5) 

V  -  4.75>‘10*^cm3 

m 

(Eq.  11-1) 


I  »  I  /  p  \3/4 

"-■’ipf;) 

R-D 

*  (5*10-6)  -  6.5*10-6a«p 

(Figs.  11-2  and  7-8) 

Values  of  other  parameters  In  Table  11-1 


Vj  *  24.6  IQ-^cm 


.*.  C.E. 


0.19 
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Table  11-3 


Flow  Damage  in  Various 

Fluids 

Type  of  Fluid 

Wall  Current 

X  Flow  Reduction 
from  Deposit 

Relative  Damage 

Phosphate  Ester 

2.0  uA 

30Z 

Appreciable*  In 
21/2  hours 

SST  (Humble  WSX-759) 

.002  pA 

0 

None  in  24  hours 

MIL-H-5606 

less  than 
.001  pA 

0 

None  In  24  hours 

*  Damage  shown  In  Fig.  5-2 
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11.3  The  Effect  of  Water  Addition 

The  mechanism  by  which  water  added  to  the  fluid  reduces  damage  Is 
not  fully  understood.  However »  the  data  seem  to  Indicate  that  the  me¬ 
chanism  Is  related  to  the  formation  of  films.  These  films  were  first 
noticed  when  the  flow  decreased  with  time  and  finally  ceased  while 
using  the  apparatus  of  Fig.  5-1  with  Skydrol  SOOA  and  a  .0005"  gasket. 
This  decrease  was  not  observed  after  the  Skydrol  had  been  dried  by 
bubbling  dry  nitrogen  through  It  for  several  days. 

Figure  11-5  shows  the  decrease  of  floi?  and  wall  current  with  time 
as  measured  In  Aerosafe  2300  with  the  streaming  current  device  of  Fig. 

h 

7-7.  The  flow  rate  should  vary  linearly  with  the  area  open  to  flow, 
that  is,  linearly  with  g  appearing  in  Eq.  7-12.  Equation  7-12,  then, 
predicts  that  the  wall  current  should  go  up  as  the  flow  drops  due  to 
gap  closure  from  film  formation,  a  prediction  that  Is  not  observed. 
Evidently,  the  deposit  has  an  effect  other  than  purely  mechanical  re¬ 
duction  of  flow. 

This  other  effect  may  be  related  to  the  film  resistivity  as  ob¬ 
served  in  electrolytic  cells.  Appendix  14.6  describes  a  measurement 
which  shows  the  resistivity  of  the  deposit  to  be  about  one  hundred  times 
that  of  the  fluid.  The  film  may  act  as  an  insulator  on  the  metal  causing 
(see  Fig.  7-2)  to  carry  the  main  portion  of  the  current,  thus  reducing 
the  wall  current,  J^,  available  for  driving  the  corrosion.  The  increase 


j 


•  The  authors  wish  to  thank  Jo.m  Schneider  of  CAD  for  providing  this  data. 
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Fig.  11-5.  Variation  of  wall  currant  and  flow  rate  versus  ti»e. 
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of  fluid  conductivity  with  water  content  (Fig.  8-1)  would  enhance  the 
effectiveness  of  the  film  in  lowering  J^. 

11.4  Electrochemical  Mechanism  of  Corrosion 

A  proposed  relationship  between  corrosion  of  steel  and  oxidation 
of  other  species  in  phosphate  ester  fluids  is  shown  in  Fig.  11-6.  It 
is  based  on  the  electrocheaical  experiments  and  high  pressure  flow  ex¬ 
periments  and  is  considered  to  be  a  tentative  model  on  which  to  plan 
further  work. 

At  low  anodic  potentials  oxidation  of  species  in  the  fluid  occurs 
according  to  curve  i^^,  beginning  at  a  potential,  There  is  a 

limiting  current  density  i^^|^  above  which  another  reaction  must  occur. 

The  value  of  1^^^  is  apparently  not  determined  by  a  hydrodynamic  mass 
transport  limitation  because  the  value  appeared  to  be  larger  under  non- 
flow  conditions  than  with  high  shear  rates  at  the  wall.  For  exaaq>lc, 
i^^j^  ^  3*10~‘*amp/cn^  in  the  thin  electrolyte  cell  without  force-?  'f>n- 
vection  (Fig.  9-6),  whereas  the  lisiiting  current  density  for  the  ini¬ 
tiation  of  pitting  under  high  shear  conditions  was  %  3xl0~^aaf)/cm^  (Fig. 
11-4).  These  data  suggest  that  the  white  anodic  film  which  adheres  to 
the  metal  under  non-flow  conditions  may  protect  the  metal  from  corrosion. 
At  a  potential  greater  than  ^^^2  oxidation  reactions  may  occur  as 

indicated  by  the  dashed  curve. 

By  analogy  to  pitting  corrosion  of  iron  in  aqueous  solutions  it  is 
proposed  that  pitting  begins  at  a  potential  and  that  Che  current  den¬ 
sity  incresses  rapidly  with  potential.  The  pitting  potential  is  related 
to  halide  ion  concentration  in  aqueous  solutions  and  analogous  behavior 


Current  Density 
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Is  proposed  for  phosphate  ester  fluids.  The  data  from  the  28  1/2  hour 

high-pressure  flow  experiment  (Fig.  11-4)  indicate  that  there  may  be  a 

limiting  current  density  for  corrosion  Indicated  by  1  . .  The  elec- 

pL 

trolysis  experiments  with  purified  basestock  and  with  additions  of 

carbon  tetrachloride  suggest  that  i  .  is  related  to  the  concentration 

pL 

of  a  chlorine  containing  species. 

This  picture  of  the  relationship  of  corrosion  to  oxidation  of 
fluid  species  allows  a  mathematical  expression  of  the  corrosion  current 
density  in  relation  to  the  wall  current  density: 


1  <  J  <1  - , 

w  oxL 

1  “0 

P 

.  .  <  J  <  i  .  . 

i  =•  J 

oxL  w  pL 

p  w 

.  .  <  J  , 

i  -  i  . 

pL  w 

P  pL 

It  is  desired  to  minimize  the  pitting  corrosion  current  density  to 
minimize  valve  damage.  For  this  model,  the  pitting  corrosion  damage 
can  be  decreased  by  the  following  means: 

1.  Decrease  J^.  This  might  be  done  by  removal  of  the  surface  active 
anionic  species  that  establish  the  ^  potential  or  by  adding  a 
strongly  adsorbing  neutral  species  that  displaces  the  anions. 
There  is  strong  evidence  that  fuller's  earth  filtration  removes 
surface  active  anions.  Decreasing  the  streaming  current  by  addi¬ 
tion  of  strongly  adsorbing  neutral  species  is  yet  to  be  defini¬ 
tively  demonstrated.  The  wall  current  density  might  also  be  de¬ 
creased  by  increased  conduction  in  the  fluid  (see  Appendix  14.6). 
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2.  Increase  •  Addition  of  hydroqulnone  prevented  pitting  in  a 
static  electrolysis  experiment  but  the  concept  is  yet  to  be 
demonstrated  in  a  high-pressure  flow  experiment. 

3.  Decrease  i  . .  Purification  of  basestock  by  distillation  with 

pL 

decrease  of  chlorine  to  2  ppm  level  eliminated  damage  in  a  static 
electrolysis  experiment  but  it  is  yet  to  be  tested  in  a  high 
pressure  flow  experiment. 

11.5  Conclusions 

The  following  conclusions  were  drawn  from  the  high  pressure  flow 

experiments  designed  to  test  the  streaming  current-pitting  corrosion 

model  of  damage. 

1.  The  damage  is  primarily  due  to  electrochemical  pitting  corrosion 
driven  by  a  streaming  current.  All  of  the  tests  that  were  done 
support  this  model. 

2.  The  corrosion  profile  is  consistent  with  the  values  of  the  wall 
current  density  predicted  by  theory. 

3.  More  than  adequate  current  is  generated  to  account  for  all  of 

damage;  the  overall  current  efficiency  for  corrosion  was 

^20Z. 

4.  Corrosion  of  the  polished  block  under  flow  conditions  could  be 
completely  eliminated  by  cathodic  protection;  the  lip  which  was 
polarized  anodically  was  corroded  much  more  severely  than  without 
polarization  by  an  external  source. 

5.  No  damage  occurred  on  a  polished  AI2O2  ceramic  block  (an  insulator; 
opposite  the  orifice  lip  even  though  this  brittle  ceramic  is  more 


susceptible  to  cavitation  damage. 


I 
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14.0  APPENDIX 

Nomenclature 

Radius  of  tube  or  ionic  radius 
Electrode  area 

Concentration,  circumference 
Electrode  spacing 
Diameter  of  metering  slit 
Electronic  charge 

6  Dependence  of  V  in  Jef frey-Hamel  flow 

aF/ae 

Faradays  Number,  96,500  coulombs /equivalent 
Width  of  metering  slit  (gap) 

Current  density 
Current 

Current  denrity 

Current  density  from  fluid 

Current  density  from  metal  wall 

2D  surface  current  within  double  layer 

Boltzmann  constant 

Velocity  gradient  normal  to  wall 

Hydrolysis  constant 

Ionization  constant 

Molecular  weight 

Length 

Constant  in  Eq.  8-10 
Avogadro's  number 


<r> 
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P  Fluid  pressure 

q  Amount  of  charge 

Q  Flow  per  unit  le:igch  of  metering  slit 

r  Radial  coordinate 

R  Gas  constant/mole  or  electrical  resistance 

s  Dimensionless  surface  current  divergence 

t  Thickness  of  metal  removed 

T  Absolute  temperature 

V  Fluid  velocity  or  volume  of  electrolyte  or  metal 

Molar  volume 
X  Cartesian  coordinate 

y  Cartesian  coordinate 

z  Valence 

Fluid  dielectric  constant,  or  current  efficiency 
Permittivity  of  free  space 
Interface  zeta  potential 
Angular  coordinate 
Kinematic  viscosity 
Charge  density 
Density 

Electrical  conductivity 
Time 


t 

“o 

0 

V 

0 


0 


T 


Potential,  volts 
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Subscripts: 

A  Associated  species 

h  hydrolysis 

H  Hydrogen  Ion 

I  Based  on  current 

L  Limiting 

m  Measured 

OX  Oxidation 

p  Phosphate  ester,  pitting 
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14.2  Errors  In  the  Theory  due  to  Fluid  Conductivity 

The  theoretical  results  of  Sec.  7  are  based  on  the  assumption  that 
the  diffuse  part  of  the  electrical  double  layer  is  thin  (high  fluid 
conductivity)  compared  to  the  hydrodynamic  length  scales,  and  that  the 
resistance  to  current  flow  in  the  fluid  is  high  compared  to  the  resis¬ 
tance  to  flow  from  the  metal  to  the  fluid.  Dry  phosphate  ester  fluids 
have  properties  consistent  with  these  assumptions.  However,  other  fluids 
with  lower  conductivity  do  not  meet  the  first  condition  above.  A  fluid 
conductivity  increase  or  an  increase  in  the  metal  to  fluid  resistance 
would  cause  phosphate  ester  fluids  to  violate  the  second  condition. 

14.2.1  Errors  due  to  Low  Conductivity 

The  electrical  double  layer  thickness  [3]  is  given  by 


If  6  is  very  small  compared  to  the  length  scale  of  variations  along  a 
surface,  charge  conduction  and  diffusion  along  the  surface  will  be  small 
compared  to  conduction  and  diffusion  normal  to  the  surface.  If  5  is 
not  small,  a  current  opposite  to  the  convected  streaming  current  will 
appear  to  reduce  the  surface  current  J  flowing  within  the  double  layer. 

5 

The  wall  current  will  then  be  lower  than  predicted  by  Eq.  7-7. 

A  second  error  in  the  same  direction  arises  if  £  is  thick  compared 
to  the  hydrodynamic  boundary  layer.  The  velocity  field  cannot  be  re¬ 
presented  by  Ky  except  near  the  wall.  Far  fror  the  wall  it  drops  below 
Ky  and  consequently  the  surface  current  '  ■  < 
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6 

■  J  pv  dy  14-2 

o 

is  less  than  the  approximate  value  obtained  by  substituting  Ky 

for  V  in  Eq.  14-2.  Again  the  true  wall  current  is  less  than  predicted 

by  Eq.  7-7. 

The  boundary  layer  thickness  can  be  estimated  by  use  of  an  approxi¬ 
mate  relation  for  F(e>  good  for  large  Reynolds  numbers  [8], 


where  a-6  is  the  angle  between  the  wall  and  the  point  in  question. 

F/R  comes  within  a  few  percent  of  being  one  at 
o 


a-0  - 
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If  we  take  this  to  be  the  angular  boundary  layer  thickness,  the 
minimum  dimension  would  occur  at  about  r  ■■  g.  The  hydrodynamic  boundary 
layer  thickness  is  then 
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For  a  Reynolds  number  ”■  200  in  the  wall  current  measuring  device 
of  Fig.  7-7,  the  boundary  layer  thickness  is  about  1  micron.  Calcu¬ 
lated  values  for  the  electrical  double  layer  thickness  for  three  dif¬ 
ferent  fluids  are  shown  in  Table  14.1.  Tlie  double  layers  in  the  SST 
fluid  and  MIL-H-5606  are  thick  compared  to  the  hydrodynamic  boundary 
layer  consistent  with  the  observed  low  wall  current. 


Table  14-1 


Diffuse  Double  Layer  Thickness  of 


Phosphate  Ester 
SST  (Humble  USX  7597) 


■niree  Fluids 


10“^microns 
1  micron 


MIL-H-5606 


greater  than  10  microns 


14.2.2  Errors  due  to  High  Conductivity 


VIhen  current  paths  through  the  fluid  have  a  lower  resistance 
than  paths  through  the  metal  and  netal-to-fluid  Interface,  the  wall 
current  is  lowered  by  a  short  circuit  through  the  fluid.  Equation  7-'7 
is  based  on  the  premise  that  the  paths  in  the  fluid  have  a  very  much 
larger  resistance  than  those  in  the  metal.  If  the  wall  current  in  a 
phosphate  ester  fluid  is  stopped  by  opening  the  circuit  between  the 
metal  slug  and  ground  in  the  wall  current  device  (Fig.  7~7),  about 
50  volts  appears  on  the  slug.  That  is,  50  volts  is  required  to  drive 
a  conduction  current  equal  to  the  wall  current  through  the  fluid. 

If  at  any  point  on  the  wall  a  voltage  of  the  order  of  50  volts  is 
required  to  drive  the  wall  current  across  the  metal  to  liquid  interface, 
then  conduction  through  the  fluid  will  lower  the  wall  current  below  that 
calculated  from  Eq.  7-7.  Alternatively,  if  the  fluid  conductivity  were 
increased  sufficiently,  a  low  voltage  across  the  interface  would  be 
sufficient  to  drive  an  appreciable  current  through  the  fluid  so  that 
the  wall  current  would  again  be  belov  that  calculated  from  Eq.  7-7. 

From  the  data  of  Sec.  9.3  we  can  estimate  the  potential  drop  across 
the  liquid  to  metal  interface  to  be  a  fev  volts  at  the  current  densities 
cai.culated  from  Eq.  7-7.  If  no  resistive  film  formed  on  the  surface,  as 
with  very  dry  phosphate  ester  fluids,  then  only  a  small  portion  >f  the 
current  would  be  shorted  out  through  the  liquid.  The  fluid  conductivity 
Would  have  to  be  incr'ased  by  a  factor  of  10  before  a  significant  wall 
current  reduction  would  occur. 

If  a  resistive  film  forms  on  the  surface,  as  with  high  water  content 
fluids,  then  higher  voltages  would  appear.  In  Sec.  14.6  the  voltages 
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across  the  films  are  estimated  to  be  50  to  500  volts  at  current  densi¬ 
ties  calculated  for  the  wall  current  device  by  Eq.  7-7.  Therefore,  in 
wet  phosphate  ester  fluids  a  significant  portion  of  the  current  may  be 
conducted  through  the  fluid  rather  than  appearing  as  wall  current  so 
thf-x  Eq.  7-7  would  predict  a  wall  current  higher  than  observed. 


14.3  Diffusivity  of  Charge  Carriers  in  Phosphate  Ester  Fluids 

An  estimate  of  the  diffusivity  of  charge  carriers  in  phosphate  ester 
fluids  was  needed  for  calculations.  The  equation  of  Wilke  and  Chang  [14] 
was  used: 


AB 


7.4x10-8 


p^^O.6 


T 
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It  was  assumed  that  the  predominate  charge  earlier  is  an  organic 

ion  of  the  same  molecular  weight  as  the  phosphate  ester.  The  following 

values:  ■  1  [l4],  Mg  =  266  (for  tributyl  phosphate),  T  =  298“K, 

W  “  10  centlpolse  and  *  M^/p  *  266/1  give  =  1.06xl0-^cm^/sec. 


14.4  Electrolyte  Resistance  in  Cells 

« 

The  electrolyte  resistances  in  the  needle-to-plane  cells  and  the 
ring-disk  electrode  system  were  calculated  from  the  fluid  conductivity 
and  cell  geometry  in  order  to  compare  to  the  slope  of  the  measured 
voltage-current  curves. 


14.4.1  Needle-to- Plane  Cells 

The  work  required  to  obtain  an  exact  solution  of  the  Laplace  equation 
for  the  complex  geometry  of  the  cells  does  not  appear  justified,  so  rea¬ 
sonable  approximations  will  be  made.  The  needle-to-plane  cell  with 


epoxy-potted  anode  (Fig.  9-8)  will  be  considered  first.  The  method  of 
curvelinear  squares  [15]  will  be  used.  Kutually  orthogonal  equipo- 
tential  and  current  flow  lines  were  drawn  by  trial  and  error  in  such 
a  manner  that  they  formed  approximately  equal  sided  squares  as  shown 
in  Fig.  14-1  for  the  needle-to-plane  system.  It  can  be  shown  that  the 
resistance  can  be  approximated  by 


"l  = 


m  _ 
2-na  ^  r 
i=l 
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for  cylindrical  symmetry,  where  a  =  fluid  conductivity,  n  =  number  of 
squares  in  the  direction  of  flow,  m  =  number  of  "flow  channels,"  and 
r  =  average  radial  distance  of  each  "flow  channel."  For  Fig.  14-1  and 
a  conductivity  of  10“^ohm”^cm~^  the.  resistance  is  2xl0^ohm  compared  to 
3  to  4xl0^ohm  measured  for  the  cell.  It  may  be  noted  from  the  spacing 
of  "he  flew  channels  that  a  high  current  density  occurs  under  the 
needle  and  at  the  periphery  of  the  disk  in  agreement  with  the  pattnrn 
of  pitting  (Fig.  9-19). 

In  the  needle-to-plane  experiments  using  the  polished  block  (Fig. 
9-7)  the  resistance  was  lower  than  calculated  above  due  to  conduction 
from  the  upper  part  of  the  needle  to  the  larger  area  of  the  block.  This 
resistance  may  be  approximated  by  cylindrical  conduction  [16] 


1  ‘2 

R-  -  in  —  .  14-8 

2  2iial  Tj 

The  radius  of  the  needle  shaft  (r^)  was  M).05  cm  whereas  r^  varied 
fr<Mn  *v0.1  cm  at  the  outer  boundary  of  Fig.  14-1  to  ''•2  cm  at  the  upper 
part  of  the  needle.  The  depth  of  immersion,  1  ^  O.S  cm.  These  values 


Fig.  14-1.  Method  of  curvilinear  squares  applied  to  needle-to-plane 
cell. 
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and  a  conductivity  of  10~^ohm~^cm“-  give  2.2x10®  and  12xl0®ohms  res¬ 
pectively  or  an  average  of  7xl0®ohins.  The  total  resistance  of  the  cell 
would  therefore  be 

“l  ■  I7R7K/ii;  ^  5-lOSohms  14-' 

compared  to  'v6xl0®ohms  measured  for  Skydrol  as  shown  in  Table  9-5. 


14.4.2  Ring-disk  Electrode  System 

The  geometry  of  the  ring-disk  electrode  system  is  shown  in  Fig. 
11-1.  Because  the  circumference  of  the  disk  is  large  compared  to  the 
gap  it  can  be  treated  as  a  two-dimensional  case  of  current  flow  for 
which 


R 


n 

Com 
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for  the  method  of  curvelinear  squares.  From  Fig.  11-1,  the  circum¬ 
ference  of  the  orifice  is  'v-O.S  cm  and  choosing  m  =  5  flow  channels 
gives  n  17  series  squares  by  the  method  of  curvelinear  squares  and 
R  ^  4xl0^ohm  compared  to  '^'2xi0^ohm  measured  at  no  flow  (Fig.  11-2). 


14.5  Measurement  of  Corrosion  Profile  from  28  1/2  hour  Run 

An  average  profile  of  the  corroded  ring  on  the  polished  block  from 
the  28  1/2  hour  run  was  measured  in  order  to  determine  current  density 
distribution  and  to  estimate  current  efficiency  for  comsion  (Sec. 
11.2.1).  Figure  14-2  shows  the  approximate  position  of  the  lip  and  the 
traverses  made  with  the  Talysurf  .Model  3  instrument  in  respect  to  the 
corroded  ring.  Fight  traverses  were  made  with  the  diamond  stylus  giving 


I 


Fit-  14-2.  Position  of  lip  *nd  traverses  with  Talyaurf  in  r<ap«ct  to 
corroded  ring  froa  28  1/2  hour  run. 


14-129 


sixteen  profiles  22  1/2  degrees  apart.  The  stylus  was  a  pyramid  with 
90'*  Included  angle  and  2  1/2  micron  flat  at  the  tip.  Comparison  of 
the  measured  profiles  to  the  photomicrograph  Indicated  that  the  center 
of  rotation  for  the  measurements  was  slightly  eccentric  to  the  ring, 
but  this  should  cause  little  eeror  In  the  average  profile. 

A  typical  profile  (traverse  #7)  Is  shown  In  Fig.  14-3.  Each  tra¬ 
verse  was  divided  Into  25  micron  Intervals  and  the  average  depth  was 
measured  at  each  Interval  on  the  profile  and  listed  In  Table  14-2.  The 
profile  measurement  was  started  In  each  case  at  the  outer  edge  of  the 
corroded  zone.  (The  exact  positions  of  the  lip  and  the  traverses  were 
not  known  accurately  ehough  to  scale  the  position  from  Fig.  14-2.)  This 
technique  caused  some  error  in  the  final  average  curve  but  there  appeared 
to  be  no  better  way.  The  average  profile  and  cross  section  were  deter¬ 
mined  as  shown  In  Table  14-2.  A  measurement  of  the  average  distance  on 
the  sixteen  profiles  from  the  Inner  edge  of  the  lip  to  the  outer  boundary 
of  the  corroded  ring  gave  approximately  50  microns  as  shown  in  Fig.  11-3 


In  the  text. 


I 
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Table  14-2 

Computation  of  Average  Profile 


Position 
From  Edge 
Microns 


25  50  75 


Average  Depth  in  Interval  in  0.00005"  Units 
100  125  150  175  200  225  250  S 


la 

4.5 

4.5 

3.1 

1.8 

0.9 

0.4 

0.3 

- 

b 

2.2 

8.5 

14.3 

9.2 

1.4 

0.7 

1.3 

IN 

2a 

2.4 

3.0 

1.8 

1.0 

0.3 

0.1 

- 

- 

b 

2.2 

7.6 

9.4 

4.5 

0.8 

1.8 

0.6 

0.5 

m 

3a 

2.3 

3.3 

2.6 

1.2 

IB 

0.7 

0.4 

- 

b 

0.5 

2.3 

6.0 

5.8 

1.6 

1.5 

0.6 

IB 

- 

4a 

3.1 

4.2 

2.0 

■g 

0.7 

0.4 

0.3 

0.1 

- 

b 

2.6 

6.7 

9.0 

m 

1.0 

0.8 

0.5 

0.1 

- 

5a 

3.0 

8.5 

8.3 

4.6 

1.8 

■g 

1.2 

0.8 

0.+ 

b 

1.7 

3.7 

3.3 

2.0 

2.0 

1.0 

0.6 

0.1 

- 

6a 

1.7 

3.1 

1.3 

0.8 

1.0 

1.2 

0.2 

- 

- 

- 

b 

1.1 

3.7 

3.8 

2.2 

0.9 

1.2 

0.3 

0.1 

- 

- 

7a 

2.2 

3.3 

1.5 

1.2 

0.5 

0.3 

0.1 

- 

- 

b 

1.4 

6.5 

2.5 

1.8 

1.6 

0.4 

0.1 

- 

8a 

3.6 

5.7 

3.0 

1.5 

0.8 

1.2 

- 

- 

b 

2.1 

5.8 

6.0 

3.6 

4.1 

2.0 

0.3 

n 

- 

- 

Avg. 

2.28 

2.35 

1.15 

0.69 

0.43 

0.19 

0.04 

Avg. 

depth  in 

Microns  2.86  6.27  6.35  4.70  2.94  1.45  0.87  0.54  0.23  0.05 

Average  cross  section  ■  (26. 26«10""*)  (25*10“**) 

-  6.57  10“®c«^ 


26.26 
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14.6  Electrode  Film  Resistivity  and  Growth  Rate 

Reported  problems  of  deposits  formed  in  airplane  hydraulic  systems 
using  phosphate  ester  fluids  with  added  water  suggested  making  a  further 
analysis  of  electrochemical  growth  of  films.  A  further  study  became 
particularly  pertinent  when  it  was  realized  that  these  films  may  play 
a  role  in  limiting  the  amount  of  damage  occurring. 

14.6.1  Resistivity  of  Anode  Film 

In  Fig.  9-5  of  the  tenet  it  is  observed  that  the  electrodes  with 
films  gave  about  three  times  as  high  a  cell  potential  as  the  cleaned 
electrodes  for  a  given  current.  The  resistance  of  the  electrode  films 
was  therefore  about  twice  the  electrolyte  resistance,  assuming  that  the 
deposit  resistance  and  electrolyte  resistance  are  in  series,  i.e., 

R^  -  Rj  R^  14-11 

and 


R,  -  2R 
f  e 


14-12 


It  will  be  assuawd  that  all  of  the  film  resistance  can  be  attributed 
to  the  anode  deposit  in  the  form  of  a  uniform  film  of  thickness,  t. 


or 


2 


d 

0  A 
c 


0  t 

e 


2d 
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The  anode  film  thickness  can  be  estimated  from 


14-14 


Using  the  values  (see  Sec.  9.1):  W  ■  0.135  gm,  ■  1  gm/cm^, 

A  »  24  cm^,  d  >  0.3  cm  and  *  lO'^ohm'^cm”*  gives  from  Eqs.  14-13 
and  14-14  that  %  I0“^ohn“^cm"^ .  The  anode  film  conductivity  thus 
appears  to  be  about  a  factor  of  one  hundred  smaller  than  the  fluid 
conductivity  (for  experiment  No.  5  in  Table  9-1). 


14.6.2  Film  Growth  Rate 

Having  a  film  conductivity  allows  an  analysis  of  the  decrease  in 
cell  current  with  time  observed  in  Fig.  9-4.  The  film  growth  rate  can 
be  expressed  as 


iL  ,  IM 

dt  rFp.A  ^f 
a 
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where  Cj  is  the  current  efficiency  for  film  deposition.  The  current 
through  the  cell  can  also  Le  expressed  as 


c/o,A  -f  d/o  A 
f  e 


14-16 


frwi  which,  if  d  >>  t. 


^^f  dl 

'V~67 
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The  initial  decrease  in  current  with  time  can  be  obtained  from  Fig, 


14-18 
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where  is  the  initial  slope,  l.e.. 


14-19 


T*0 


Comb:'nlng  Eq.  14-17  for  the  initial  growth  rate  with  Eq.  14-18  gives 


T*0 
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The  film  growth  rates  calculated  from  Eqs.  14-15  and  14-20  are 
compared  in  Table  14-3.  The  film  growth  rate  determined  from  the 
initial  rate  of  decrease  in  current  and  Eq.  14-20  is  seen  to  be  within 
a  factor  of  8  larger  to  a  factor  of  16  smaller  than  the  value  calculated 
from  Eq.  14-15.  This  is  perhaps  not  unreasonable  in  view  of  the  uncer¬ 
tainties  in  the  value  of  some  of  the  parameters.  For  example,  the  ratio 
of  the  film  growth  rate  of  Eq.  14-20  to  Eq.  14-15  is 

0^ 


.  (dt/dx)  Eq.  14-20 
1  ■  (dt/dT)  Eq.  14-15 


Me. 
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The  terms  that  are  known  with  reasonable  accuracy  are  grouped  in  the 
first  brackets  and  the  terms  that  are  less  accurately  known  are  grouped 
in  the  second  brackets.  If  the  current  efficiency  for  deposition  was 
constant  at  2%  throughout  experiment  No.  5  (curve  4,  Fig.  9-4)  the  value 
of  the  would  be  3  instead  of  0.06.  A  value  of  larger  than  unity 
as  for  experiment  No.  1  suggests  either  that  the  actual  film  conducti¬ 
vity  is  smaller  than  assumed  or  that  the  molecular  weight  of  the  deposited 
species  is  larger  than  assumed. 


-agg)^:' 
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Table  14-3 

Comparison  of  Film  Growth  Rates  from 
_  Eas.  14-15  and  14-20 


Curve  (Fig.  9-4) 

1 

3 

4 

Experiment  No. 

1 

4 

5 

1^,  amps 

3xl0"'* 

9x10-5 

2x10-3 

volts 

100 

500 

500 

A,  ca^ 

0.7 

1.7 

24 

V,  cm3 

2x10-2 

VO 

850 

Sj^,  cm^/coul 

-2 

-2 

-0.8 

(dt/dx)^^^,  cm/sec 

7.0x10-6 

2.5x10-8 

1.1x10-8 

(5q.  14-20) 

(dt/d”)  ,  cm/sec 

T*o  ^ 

(Sq.  14-15) 

S.exlO""^ 

l.lxl0"2 

1.7*10-7 

(dt/Jr)  £q.  14-20 
(dtTdr)  ".q.  14-15 

8 

0.23 

0.06 

i.  «  I, /A,  amp/cm^ 

AxlO"** 

5x10-5 

8.5x10-5 

*  for  M  ■  200,  a  ■  10,  F  ■  10  ,  r'j  ■  1  and  •  1. 
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14.6.3  Time  to  Plug  Orifice  Gap  by  Film  Growth 

The  Mme  to  grow  a  film  thick  enough  to  block  the  gap  in  the  wear 
apparatus  at  a  constant  initial  wall  current  density  is  approximately 

Ascusilng  g  ■  2.SxlO~^cm  (one  mil  gap),  z  >  1,  >  1  gm/cm^,  ■  1.0, 

i  <■  10~^aiiip/cffl^  (see  Fig.  11-4)  and  M  %  200  gm/mole  gives  %  20  minutes. 
This  is  within  a  factor  of  10  of  the  value  estimated  from  the  initial 
decrease  in  flow  rate  observed  in  experiments  (see  Fig.  11-5). 


14.6.4  Potential  Drop  Through  Film  Near  Orifice 

The  potential  drop  normal  to  the  wall  in  the  anode  film  in  the 
vicinity  of  the  orifice  is 
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For  a  corrosion  current  density  of  '''2>«10“‘*«i«p/rm^  unc::r  the  film  (see 
Fig.  11-4),  a  film  conductivity  of  10”*®  to  i0“^ohm”*cm”'  and  a  film 
thickness  of  2. 5*10”** cm  (arsum'nc  3/10  of  the  gap  width),  gives  46^  ■ 

SC  to  500  volts.  A  corresponding  potential  drop  which  must  occur  in 
the  fluid  in  the  direction  of  flow  is  of  the  same  magnitvde  as  the  open- 
circuit  potential  drop  rcas  irod  with  the  riag-<l..&k  electrodes  (dec.  11. 1). 
The  significance  of  this  finding  is  that  the  film  growth  and  Increased 
fluid  conductivity  may  decrease  the  wail  current  and  thu^  corrosion. 

This  probably  explains  the  large  deviation  from  theory  observed  in  the 
corrosion  rate  neer  the  gap  in  Fig-  11-4.  It  aay  also  oxplai^  th^  effect 
of  water  addition  which  both  Increases  the  tendency  to  film  formation 
and  increases  fluid  conductivity. 


■H’  -• 
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14.7  High  Pressure  Flow  System 

All  high  pressure  experiments  were  performed  with  the  apparatus 
shown  schematically  in  Fig.  14-4  or  minor  variations  of  it.  The  fluid 
temperature  was  held  near  room  temperature  by  a  cooling  coil  wound  on 
the  muffler  for  the  pump.  The  cooling  was  provided  by  the  cold  air 
exhausted  from  the  pump.  An  accumulator  reduced  pressure  pulsations 
to  about  20  psi.  The  flow  damage  apparatus  was  Installed  in  the  position 
of  the  wall  current  drive  shown  in  the  schematic.  No  flow  meter  was  used, 
but  a  rough  indication  of  flow  rate  was  provided  by  measuring  the  period 
of  the  pump  pulsation.  More  accurate  flow  data  were  obtained  by 
measuring  the  time  to  fill  a  graduate  to  a  fixed  level. 
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Fig.  14-4.  High  pressure  flow  system. 


